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ABSTRACT.  We explored formation-structure-property relationships in thiol-ene 
functionalized oligosiloxanes to create crosslinked networks.  Specifically, nine oligomers were 
synthesized, three with thiol-functional silane repeats and three with allyl-functional silane 
repeats.  Structural variations in each oligomer were systematically induced through the 
incorporation of non-reactive repeats bearing either diphenyl or di-n-octyl moieties, and the 
oligomer molecular weight was limited by the presence of monofunctional silane condensation 
species.  The molecular weights and chain compositions of all oligomers were ascertained and 
subsequently used in the evaluation of network properties formed upon photopolymerization of 
thiol- and ene-functional reactants.  Polymerization kinetics of the thiol-ene functionalized 
siloxanes were also investigated using photoinitiation owing to the spatial and temporal control 
afforded by this technique.  In particular, the effects of the viscosity of the ene-functionalized 
oligomer and the degree of thiol functionalization on the observed polymerization rate were 
determined.  Results showed that the speed of polymerization varied with changes to the rate-
limiting step, which was heavily influenced by neighboring non-reactive functionalities.  
iv 
Moreover, the thiol-ene reaction was found to exhibity unimolecular termination exclusively in 
siloxane-based systems.  Proposed use of the thiol-ene functionalized siloxane system as a dental 
impression material necessitated the development of a redox initiation scheme.  Evaluation of the 
benzoylperoxide/dimethyl-p-toluidine redox pair in traditional systems showed bulk thiol-ene 
polymerizations comparable to photoinitiation with the added advantage of uninhibited depth 
control, as also demonstrated in small molecule thiol-ene coupling reactions initiated by this 
same redox system.  Application of the redox pair to the siloxane system allowed for the 
viscoelastic properties as well as the feature replication abilities to be compared against 
commercial impression materials.  The siloxane system was found to match the commercial 
material for strain recovery and stress relaxation and exceed its replication properties though it 
would require greater overall strength to function adequately in the clinical setting. 
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CHAPTER I 
 
 
INTRODUCTION 
 
 
1.1 Purpose of the Study 
Within the presented body of work, the synergistic combination of the thiol-ene reaction 
with siloxane chemistry is explored.  Although both of these chemistries possess a multitude of 
unique attributes and advantageous properties, little work has been done to thoroughly integrate 
the two.  The thiol-ene reaction is a variation on the typical vinyl homopolymerization wherein 
each carbon-carbon double bond is matched with a noted chain transfer agent, the thiol.  While 
this exchange of functionalities may appear slight, the resulting impact on the reaction process is 
quite drastic.  Indeed, the alternating propagation and chain transfer events convert the reaction 
from a chain growth to a step growth mechanism.  The ensuing advantages of this conversion 
include delayed gelation, homogenous network formation, and reduced volumetric shrinkage.  
Moreover, the presence of the thiol  reduces the reaction sensitivity towards molecular oxygen. 
When combined with siloxane chemistry, the reduction in oxygen sensitivity is of 
significant benefit.  Siloxanes are highly permeable and as such are commonly employed as gas 
exchange barriers.1, 2  More importantly, the flexible nature of the siloxane backbone makes it 
ideal for elastomeric applications, while its functional group amenability make it well suited for 
thiol-ene modification.  A variety of chemical groups have been fixed to linear poly(siloxanes) 
previously to modify to final material properties.  Poly(ethylene glycol),3 pyridine,4, 5 urethane 
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modifications,6 for example, have been reported.  In following the functionalization of 
poly(siloxanes) with thiol and ene moieties and the exploration of their reactive properties, 
material properties, and dental applications are reported here. 
 
1.2 Polysiloxanes 
Polysiloxanes have served as a cornerstone of the synthetic elastomer market for nearly 
75 years owing to the exceptional degree of torsional and bending mobility permitted around the 
Si-O bond.7  The extent of this flexibility is realized through poly(dimethylsiloxane) materials 
that can reach up to 180 % elongation prior to rupture, even in the absence of reinforcing 
chemical moieties fixed to their backbones.8  Beyond the noted flexibility, however, 
polysiloxanes are regarded as highly permeable, hydrophobic polymers that function well as 
protective coatings,9 lubricating oils,10 and water repellents.11  Furthermore, siloxane-based 
polymers are recognized as a gold standard in biomedical applications given their documented 
biocompatibility in catheters and contact lenses12 in addition to their abundant use in cosmetic 
products.13, 14 
Indeed, polysiloxanes have been analyzed for their potential use in numerous interesting 
applications.  Hu et al. have found that maleimide functionalized silsesquioxanes decrease the 
dielectric constant and loss, in addition to lowering the water absorption and improving the 
impact strength of coatings for electronic, aerospace, or insulation applications.15  Thermo- and 
photoresponsive siloxanes have also been identified.  In particular, Hao et al. have produced 
thermoresponsive polymers by incorporating chlorobenzyl side groups on linear and cyclic 
siloxanes.16  Moreover, Petr synthesized photoresponsive liquid crystal polymers that produce 
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nematic phase disappearance on timescales fast enough to be relevant in actuator/responsive 
elastomer applications.17 
Organic/inorganic compellations using polysiloxanes have also found a variety of 
applications.  For example, immobilization of poly(dimethylsiloxane) or PDMS with varying 
camphorate metal complexes can be used for enatioselectivity in gas chromatography with 
thermal stability up to 160 °C.18  Thiol- and/or vinyl-functionalized silsesquioxanes have been 
incorporated into reactive monomer mixtures to serve as fillers capable of participating in the 
reactive process, thereby improving the solubility of the filler.19, 20  Lastly, PDMS has found 
suitable for the matrix material in the fabrication of optical waveguides.21 
In the biological arena, an injectable, in situ curable accommodating intraocular lense has 
been developed from methacrylate- and phenyl-functionalized cyclosiloxanes.  The 
photoinitiated, cure-on-demand material was proven to be noncytotoxic, while the structure-
property relationships of the methacrylate and phenyl afforded control over the storage modulus 
and refractive index, respectively.22  Moreover, amphiphilic, stimuli responsive drug delivery 
devices have been synthesized by incorporating a siloxane block between two oxaline blocks of a 
linear polymer.23  Industrially, siloxanes have proven useful as multifunctional flame retardant 
additives that increase the thermal stability, limited oxygen index, and char yield as well as 
improve the glass transition temperature and storage modulus of the final product.24  Finally, 
poly(ethylene glycol) and poly(propylene glycol) functionalized siloxanes have been shown to 
act as useful surfactants and antifoaming agents.  Increasing the hydrophilic character 
corresponded to better antifoaming properties, which would be beneficial in paper-coating 
applications.3 
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 Following from the extensive commercial use and industrial need for siloxane polymers, 
numerous synthetic avenues have been explored to understand and control production processes.  
In the most simplistic approach, chlorinated silane monomers undergo hydrolytic 
polycondensation to form hydroxy-terminated oligosiloxanes, which are further condensed to 
produce high molecular weight polysiloxanes.25  Variations on this procedure begin the 
condensation with modified difunctional silane species, such as dihydroxy or dialkoxy 
monomers.  Nevertheless, the large size of the silicon atom in conjunction with its alternate 
spacing along the backbone facilitates nucleophilic attack of silicon during condensation.7  
Moreover, hydrogen bonding between adjacent hydroxyl groups prompts the hydrogen donor to 
execute a nucleophilic attack on an unreacted silane (Figure 1.1).26  Since this catalytic 
propensity lessens with chain growth, the hydrolytic condensation of silane monomers becomes 
chain length dependant and the resulting polymers have narrower than classically expected 
molecular weight distributions. 
 
 
Figure 1.1  Schematic of the hydrogen bonding induced chain length dependence in hydrolytic 
siloxane condensation. 
 
 Additional condensation methods for synthesizing polysiloxanes employ 
hydrogensiloxanes and transition metal complexes (i.e., tin or rhodium salts) as catalysts.27, 28  
Still, the reacting silane monomers are susceptible to induction effects by the noncondensable 
pendant groups, with moieties such as benzene promoting chain growth.29  Further, the 
condensation process allows for little to no control over the order of pendant functionalities 
O Si
H
H
Si O
OSi
H
Si
H
Si O
H
OSi
H
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along the polymer backbone.  Ring opening polymerization techniques, on the other hand, allow 
the placement of pendant functionalities to be set in block, diblock, or random arrangements.30  
The lack of control may not be of importance in siloxane homopolymers, but frequently becomes 
necessary in copolymer formation. 
 
1.3 Thiol-Ene “Click” Chemistry 
 The thiol-ene reaction is a multifaceted reaction tool commonly exploited in both 
monomer functionalization, synthetic and biological polymer functionalization, and in polymer 
network formation.  Unlike vinyl-based homopolymerizations that proceed in a chain growth 
fashion, the thiol-ene reaction usurps the hydrogen abstraction tendencies of the thiol to induce a 
step growth polymerization mechanism.  As such, thiol-ene polymerizations undergo alternating 
propagation and chain transfer steps, which in ideal scenarios proceed at identical overall rates.  
The resulting reaction steps are shown in Figure 1.2 below.  Theoretically, radical species 
terminate through the combination of two carbon-centered radicals, two thiyl radicals, or a 
mixture of each. 
A wealth of research has been conducted to explore the kinetics and underlying reaction 
mechanisms of the thiol-ene reaction chemistry.  Particularly, the impact of the thiol and ene 
structures on the observed polymerization rate, relative rates of propagation and chain transfer, 
and termination mode have been studied in great detail for traditional thiol-ene polymerizations.  
As a general rule, the thiols of aromatics react faster than those of propionates, which are faster 
still than alkyl thiols.31 In terms of enes, electron rich double bonds display the most rapid 
polymerization rates.32, 33  Moreover, allyl ethers tend to be chain transfer limited, while  
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Figure 1.2.  Steps of the thiol-ene reaction following radical initiation.  In the ideal reaction, 
propagation and chain transfer proceed at equivalent overall rates prior to termination. 
 
propagation is clearly the rate-limiting step for vinyl silazanes.34  Vinyl ethers generally have 
equivalent rates of propagation and chain transfer.34  In regards to termination, propionates with 
vinyl ethers terminate primarily through a unimolecular mechanism, but propionate thiols with 
allyl ethers primarily undergo bimolecular termination.35 
More recently, the thiol-ene reaction has received attention for its so-called ‘click’ nature, 
a definition coined by Sharpless et al. in 2001 based on the characteristics of the copper 
catalyzed azide alkyne Huisgen cycloaddition.  That is, a ‘click’ reaction proceeds at a rapid rate 
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of polymerization, requires no solvent, produces no by-products, attains quantitative conversions, 
and is highly orthogonal to other chemical reactions.36  The thiol-ene reaction meets all of the 
above criteria, though orthogonality is maximized by electron rich enes and is minimized in 
electron deficient olefins (i.e., (meth)acrylates).32, 37, 38  Additionally, the abundance of chain 
transfer functionalities (i.e., mercaptans) within the reaction medium negates the effects of 
oxygen inhibition in thiol-ene polymerizations.39  Furthermore, the thiol-ene reaction is readily 
initiated by a variety of sources ranging from light to heat to redox techniques, with the selection 
of initiation methodologies relying heavily on the application at hand.40-42  The thiol-ene reaction 
has even been found to proceed in the presence of no initiator.  Cramer et al. have shown that 
irradiation of thiol-ene formulations with 254 nm light provides sufficient energy to induced 
vinyl ether, allyl, (meth)acrylate, and vinylbenze polymerizaton with a thiol monomer.43  Lastly, 
an expansion of the breadth of available redox initiators would be invaluable to the evolving 
interest in using the thiol-ene reaction in organic synthesis and for materials functionalization.  
As of yet, little work has been performed with redox-initiated thiol-ene reactions, though ample 
work on redox-initiated acrylate homopolymerizations has been conducted in the biological and 
other settings via enzyme-mediated techniques.41, 44, 45 
 
1.4 Free Radical-Mediated Redox Reactions 
 Although light and heat are traditionally considered optimal routes for producing free 
radicals, a growing interest in redox-based techniques is surfacing.  Unlike 
photopolymerizations, redox reactions are not limited by depth and can be carried out in bulk 
reactors and in the presence of solvent more effectively.  Such features become advantageous 
when faced with the desire for performing traditional synthesis reactions or for coupling and 
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functionalizing polymer chains, particularly when spatial and/or temporal control are 
unnecessary.  While a variety of redox pairs that produce free radical species have been 
identified, Fenton’s reagent was one of the first.  Developed in the 1890s by H. John Fenton, 
Fenton’s reagent harnesses the oxidation of ferrous iron (II) by hydrogen peroxide to ferric iron 
(III) that produces hydroxyl radicals capable of initiating polymerization (Figure 1.3).46  Iron 
(III) is then reduced back to iron (II), a hydroperoxide radical, and a proton. 
 
 
 
Figure 1.3.  Fenton’s redox reaction.  (1) Oxidation of ferrous iron to ferric iron, (2) Reduction 
of ferric iron to ferrous iron.  A hydroxyl radical and a hydroxyl anion are produced during Step 
1, and a hydroperoxide radical and a proton are produced during Step 2. 
 
 Analogous reactions of ferrous iron occur with persulfates, disulfides, and elemental 
halogens.47, 48  Likewise, ferrous iron can be replaced with silver (I).49  However, Fenton’s 
reagent and the variations on it are rarely performed outside of aqueous media.  Nevertheless, 
transition metal derivative-organic halide initiators are viable in organic solvent.  These reactions 
proceed through an electron-transfer process from a transition metal (i.e., Mo(CO)6 or Mn(CO)10) 
to a halide (i.e., R=CCl3) thereby producing a radical fragment.50  The redox reaction does not 
occur directly between the two aforementioned reactants, but instead relies on the conversion of 
the carbonyl into a more active species by ligand exchange or scission for the electron-transfer to 
occur.51 
Intermolecular processes are a third option, and this class of initiator encompasses the 
diacyl peroxide/tertiary amine redox pair, which is the standard mode of initiation for orthopedic 
+ H2O2
OOH
OH OH
H
Fe2+ Fe3+
Fe3+ + H2O2 Fe2+
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+
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bone cements and redox-cured dental resins.51-53  The combination of a diacyl peroxide, such as 
benzoyl peroxide, with a tertiary amine generates a complex which then cleaves into a radical 
and a radical cation, where the radical becomes the primary initiating species.54  The specific 
reaction pathway of benzoyl peroxide with a toluidine monomer is depicted in Figure 1.4.  The 
complex intermediate forms through an SN2 attack by the amine on the peroxide in the rate-
limiting step.  The intermediate then quickly dissociates into an aminium radical and a 
benzoylate anion, and the aminium radical may undergo a hydrogen transfer to produce a second 
radical capable of initiating polymerization. 
 
 
Figure 1.4.  The benzoylperoxide-toluidine redox reaction mechanism. 
 
1.5 Siloxane-Based Dental Impression Materials 
Dental impression materials play a vital role in the replication of oral features by 
generating negative models of structures in need of repair and/or replacement.55  Synthetic 
elastomeric impression materials (IMs), in particular, have become a staple of clinical dentistry 
given the ease with which their properties can be modified. For example, the flow, workability, 
and dimensional stability of IMs are tailored by the extent of inorganic filler incorporated; the 
lower the viscosity needs, the less fillers are included and vice versa.55  A commercial material 
should reproduce fine detail of 25 µm or less, undergo linear dimensional change of no more 
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than 1.5%, and achieve an elastic recovery of at least 96.5%.56  Four general classifications of 
synthetic elastomeric impression materials exist that meet these standards, namely, the 
polysulfides, the condensation silicones, the addition silicones (or polyvinylsiloxanes PVS), and 
the polyethers.  A photopolymerizable, methacrylate-based material was marketed previously, 
but received poor clinical reviews as the formulation was subject to oxygen inhibition, which left 
tacky surfaces post-cure.57  Of particular interest for this work are the silicone-based materials, 
and the setting mechanisms are shown for each in Figures 1.5 and 1.6 below. 
 
 
Figure 1.5.  The setting mechanism for the condensation silicone class of impression materials.  
Hydroxy and ethoxy functionalities serve as the reactive groups, and ethanol is produced as a 
volatile by-product. 
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For the condensation silicones, stannous octoate initiates the condensation reaction 
between α-ω-hydroxyl-terminated polydimethyl siloxane and tetraethyl orthosilicate, producing 
the liquid by-product, ethanol.55, 58  Addition silicone formulations contain vinyl-terminated 
polydimethyl siloxane and polymethyl siloxane, which crosslink in the presence of a platinum 
catalyst.58  Again, however, a by-product is formed.  Hydrogen gas is evolved during the setting 
reaction, and positive renditions of molds made immediately after set may contain pits or voids.  
Average clinical working/setting times for addition and condensation silicones have been 
reported as 3.1 min/5.9 min and 3.3 min/8.9 min, respectively.58 
 
 
Figure 1.6.  The setting mechanism for the addition silicone class of impression materials.  Vinyl 
and hydride groups react to create a crosslink junction and release hydrogen gas. 
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In their neat form, silicone-based impression materials adapt hydrophobic tendencies, 
which are ideal in the set state, but are greatly limiting in the unset period.  For a material to 
completely coat oral structures, it must posses a sufficiently hydrophilic nature.  Commercial 
materials circumvent the natural hydrophobic tendencies of siloxanes by incorporating varying 
levels of surfactants.59, 60  However, surfactants can interfere with the removal process if used in 
overly high concentrations.  Still, the silicone-based impression materials on the market today 
exhibit high mechanical integrity, with average tear energies being reported as high as 985 J/m2 
and average tensile strengths of 3.5 MPa for addition silicones.61  Elastic recovery and detail 
reproduction are equally up to par, with Aquasil Monophase (PVS material) regaining over 99 % 
of its original height upon compression and replicating shark fin grooves with a high degree of 
accuracy.62, 63 
 
1.6 Arrangement of the Thesis 
 Throughout the following chapters, the synergistic combination of the thiol-ene reaction 
with siloxane chemistry will be evaluated in great detail.  The specific objectives of the thesis 
will be addressed in Chapter II.  Chapter III will then discuss the synthetic procedure through 
which thiol- and ene-functionalized siloxane oligomers were made and their structures 
characterized.  The crosslinked network properties will also be identified for varied oligomer 
chemical structures.  In Chapter IV, the impact of silicone chemistry on the thiol-ene 
polymerization rate will be presented for both varied oligomer structures and ene types.  
Moreover, the rate-limiting step and termination mechanism will be identified. 
A viable redox-initiation scheme for traditional thiol-ene monomers will be discussed in 
Chapter V, and the use of the redox pair to produce a crosslinked network will be shown.  
13 
 
Additionally the redox mechanism is used functionalize monomers in solution by the thiol-ene 
reaction.  The application of the established redox protocol to thiol-ene functionalized siloxanes 
in an effort to produce an elastomeric dental impression material with improved setting times 
will be explored in Chapter VI.  Conclusions and recommendations will then be addressed in the 
final chapter (Chapter VII). 
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CHAPTER II 
 
 
OBJECTIVES 
 
 
Polysiloxanes and the thiol-ene polymerization reaction both have an abundance of 
unique and thoroughly, though independently, explored features, which were discussed in detail 
in Chapter 1.  However, little work has yet to be done to investigate the synergistic combination 
of the two.  Specifically, the overall scope of this research is to study and understand the use of 
thiol-ene chemistry as a tool for developing crosslinked siloxane networks with robust 
mechanical properties. 
Throughout the work, the formation-structure-property relationships of thiol- and ene-
functionalized oligosiloxanes are monitored such that a material meeting the requirements of a 
synthetic dental impression material would emerge.  Meeting the current clinical demands 
further necessitated the development of an alternative thiol-ene setting mechanism similar to the 
two-component system in use presently.  Hence, a redox-mediated free radical initiation scheme 
was developed for use in bulk thiol-ene systems, and the kinetic profiles are evaluated for 
translation from traditional formulations to a thiol-ene functionalized siloxane formulation. 
 Towards these aims, the following objectives were developed, and their findings are 
presented in the subsequent chapters.  Specifically, we aim to: 
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 Evaluate and understand the effect of the oligomer structure and network properties of 
thiol- and vinyl-functionalized siloxanes to ascertain the impact of nonreactive groups on 
the thermomechanical behavior; 
 Determine and understand the kinetic behavior and mechanisms of thiol-ene reactions in 
functionalized siloxanes to determine the factors that dictate the observed polymerization 
rate; 
 Develop and apply free radical-mediated redox initiation systems for thiol-ene reactions, 
whether for small molecule coupling reactions or for initiating thiol-ene polymerization 
reactions, including an evaluation of reaction rates, product formation efficiency and 
conversion, and polymer network properties to identify deviations from the classical 
photoinitiated reactions of identical species, and 
 Incorporate radical-mediated redox initiators into a thiol-ene functionalized siloxane 
impression materials system and evaluate the working and setting times, viscoelastic 
properties, surface energy, and feature replication of that system to predict its 
performance as an elastomeric dental impression material. 
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CHAPTER III 
 
 
SYNTHESIS AND CHARACTERIZATION OF THIOL-ENE FUNCTIONALIZED 
SILOXANES AND EVALUATION OF THEIR CROSSLINKED NETWORK PROPERTIES* 
 
 
3.1 Abstract 
Three types of linear thiol-functionalized siloxane oligomers and three types of ene-
functionalized oligomers were synthesized and subsequently photopolymerized.  Within each 
type of thiol-functionalized oligomer, the ratio of mercaptan repeat units to non-reactive phenyl 
repeat units was varied to manipulate both the crosslink density and the degree of secondary 
interactions through pi-pi stacking.  Similarly, the repeat units of the three ene-functionalized 
oligomers are composed of allyl-functional monomers, benzene-functional monomers, and octyl-
functional monomers in varying ratios of benzene:octyl but with a constant fraction of allyl 
moieties.  The structural composition of the siloxane oligomers plays a pivotal role in the 
observed material properties of networks formed through thiol-ene photopolymerization.  
Networks with a high concentration of thiol functionalities exhibit higher rubbery moduli, 
ultimate strengths, and Young’s moduli than networks with lower thiol concentrations.  
Moreover, the concentration of functionalities capable of participating in secondary interactions 
via hydrogen bonding or pi-pi stacking directly impacts the network glass transition temperature 
and elasticity.  The combination of low crosslink density and high secondary interactions 
produces networks with the greatest toughness.  Finally, the fraction of octyl repeats correlates 
with the hydrophobic nature of the network. 
*Cole, M.A.; Bowman, C.N. J. Polym. Sci. Part A: Polym. Chem. 2012, 50, 4325-4333. 
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3.2 Introduction 
Polysiloxanes, particularly poly(dimethylsiloxane) or PDMS, have received extensive 
attention in the polymer field for their wealth of advantageous physical properties.  Relative to 
their carbon-based counterparts, siloxanes exhibit unusually high flexibility originating from two 
types of mobility, torsional and bending.  The Si-O-Si bond is particularly flexible and 
commonly reaches bond angles of 135° to 180°.1  Additionally, polysiloxanes exhibit excellent 
permeability as well as low surface energy.2,3  The combination of such properties makes 
polysiloxanes ideal candidates for high-performance elastomers, water repellents, mold release 
agents, adhesives, and protective coatings.4-7  Moreover, polysiloxanes have been recognized by 
the biomedical community as relatively inert, biocompatible platforms for designing catheters, 
artificial skin, contact lenses, and drug delivery systems.8,9 
 Further, the synthetic ease with which polysiloxanes can be generated allows for any 
number of functionalities to be readily incorporated into their structure.  Linear, branched, and 
crosslinked polysiloxanes can be produced through the condensation of pendant –Cl, -OH, or –
OR groups by a variety of catalytic species including acids, bases, and stannous salts.1  Careful 
selection of the non-condensable silane species enables the physical properties of the resulting 
polymer to be tailored towards a specific application.  For example, incorporation of urethane 
functionalities can significantly improve the mechanical strength, toughness, and abrasion 
resistance of polysiloxane coatings, while inclusion of ethylene glycol side chains can render the 
hydrophobic PDMS a more hydrophilic material capable of performing as a hydrogel without 
altering its transparency.10,11  Siloxanes are also highly amenable to ring-opening 
polymerizations, which afford control over functionality ordering within a linear polysiloxane.  
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Indeed, sequential anionic copolymerizations of cyclosiloxanes have been utilized to produce 
siloxane block copolymers for use as amphiphilic emulsifiers.12 
 While incorporation of nonreactive functional groups within a linear polysiloxane can 
directly contribute to the chemical and physical properties, the use of reactive moieties has the 
added advantage of moderating network attributes and properties.  Photosensitive units such as 
epoxides, methacrylates, or vinyls have been used to manipulate the crosslink density of linear 
siloxane polymers or oligomers following their condensation.  Biomedical polymers such as 
intraocular lenses, drug delivery devices, and dental impression materials commonly employ this 
strategy to yield highly crosslinked, biocompatible elastomers.13-15  However, the susceptibility 
of (meth)acrylate and vinyl polymerizations to oxygen inhibition greatly limits their viability in 
vitro, particularly when such units are incorporated into highly permeable polysiloxanes.  
Furthermore, the propensity of vinyls and (meth)acrylates to shrink during polymerization 
hinders their use in applications that demand negligible dimensional change and where the 
internal stresses created by the polymerization shrinkage can lead to mechanical and optical 
failure.16,17 
 Alternatively, the free radical mediated thiol-ene click reaction proceeds via a step-
growth polymerization mechanism consisting of alternating propagation/chain transfer steps.  As 
illustrated in Figure 3.1, an initiating radical species abstracts a proton from a thiol monomer 
creating a thiyl radical.18,19  The thiyl radical propagates through a vinyl monomer and forms a 
carbon-centered radical.  This radical then abstracts a proton from a second thiol monomer, 
which continues the polymerization cycle.  Theoretically, termination may occur through the 
combination of any two radical species.  The thiol-ene click reaction mechanism is well 
documented in the literature as a rapid reaction that produces no by-products, is not inhibited by 
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oxygen, and accumulates less volumetric shrinkage than a vinyl homopolymerization.20-24  
Furthermore, thiol and vinyl species can be readily incorporated into any number of biological or 
organic chemical structures, including polysiloxanes, without impairing the heat resistance, 
weather stability, low-temperature flexibility, or low surface tension of the crosslinked siloxane 
network.25 
 
 
 
Figure 3.1.  Thiol-Ene Reaction Mechanism, adapted from Kloxin et al.19  The thiol-ene 
polymerization proceeds through a cyclic step growth mechanism consisting of alternating 
propagation/chain transfer steps following initiation and prior to termination.  The reaction 
mechanism assumes ideal conditions in which the alternating steps proceed at the same overall 
rate. 
 
 Schreck et al. have examined the use of thiol-ene chemistry as a means to create 
functionalized silsesquioxane particles, but, to date, the use of thiol-ene polymerizations in 
siloxane systems has focused on the coupling of nonreactive moieties onto an existing linear 
segment.26  Chojnowski et al. used a thermally initiated thiol-ene reaction to convert vinyl 
functionalities to carboxylic acids in their amphiphilic emulsifiers, and Herczynska et al. used a 
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similar mechanism to initiate the reaction of vinyl units with thiolated pyridines in their linear 
polysiloxanes.12,25  However, the implementation of thiol-ene chemistry as a medium for 
inducing gelation and regulating crosslink density by coupling multiple linear polysiloxane 
chains remains unexplored.  Thus, the aim of this research is to investigate the application of 
thiol-ene chemistry to polysiloxane systems in an attempt to combine synergistically the 
desirable features and characteristics of both siloxane and thiol-ene chemistries.  Specifically, 
this work will address the synthesis and subsequent characterization of thiol- and allyl-
functionalized siloxane oligomers as well as the networks formed through their 
copolymerization. 
 As previously discussed, polysiloxanes can be synthesized by a variety of methods and 
their functionalization manipulated in either the monomeric or polymeric state.  Here, three types 
of thiol-functionalized siloxane oligomers and three types of allyl-functionalized siloxane 
oligomers were synthesized via the acid-catalyzed hydrolytic condensation of dialkoxy silanes 
(Figure 3.2).  The molecular structure of each oligomer was systematically regulated through the 
inclusion of varying degrees of nonreactive repeat units bearing benzene or octane moieties, 
while the mechanical properties of the networks to be formed were further manipulated through 
the incorporation of a urethane moiety within the allyl repeats.  Thus, variation in the synthetic 
ratios of the silane monomers depicted in Figure 3.3 allowed the effects of average crosslink 
density, extent of secondary interactions (i.e., hydrogen bonding and pi-pi stacking), and relative 
chain stiffness to be investigated in siloxane networks with regards to their thermomechanical 
properties, toughness, extensibility, and surface energy. 
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Figure 3.2.  Acid-Catalyzed Polycondensation Mechanism for Synthesizing Functionalized 
Siloxane Oligomers.  Represented here is the formation of a thiol-functionalized oligomer 
containing diphenyl silanes within its backbone.  Trimethyl silane was used as an end-capping 
agent to control molecular weight.  The dialkoxy silanes were reacted for 7 days at 60 °C, and 
the resulting product was purified by vacuum distillation. 
 
3.3 Experimental Section 
3.3.1 Materials 
3-(mercaptopropylmethyl) dimethoxysilane (SiSH), 3-(aminopropylmethyl) diethoxysilane, 
diphenyl dimethoxysilane (SiDP), di-n-ocytyl dimethoxysilane (SiDO), and trimethyl 
methoxysilane (SiMe) were purchased from Gelest (Morrisville, PA).  Allylchloroformate (97 
%) and triethylamine (≥99 %) were purchased from Sigma Aldrich (St. Louis, MO).  Irgacure 
184 (1-hydroxy-cyclohexyl-phenyl-ketone) was purchased from Ciba Specialty Chemicals and 
used without further purification. 
 
Si OCH3
(CH2)3
CH3
H3CO
SH
Si OCH3H3CO
Si OCH3
CH3
CH3
H3C O Si O Si O
(CH2)3
CH3
Si
yx
Si
CH3
H3C
CH3
CH3
CH3
CH3
SH
SiSH
SiDP
SiMe
+
1M HCl
 60  Co
SiSH DP
+ +CH OH3 H O2
25 
 
 
 
Figure 3.3  Silane Monomers Used in This Study.  a) SiNHC=C, b) SiMe, c) SiSH, d) SiDP, and 
e) SiDO. 
 
Synthesis of allyl(3-(diethoxy(methyl)silyl) propyl)carbamate (SiNHC=C, Figure 3.3a).  3-
(aminopropylmethyl)diethoxy silane (90.71 g, 0.47 mol) and triethylamine (75.45 g, 0.75 mol) 
were loaded into a sealed 1000 mL three-neck round-bottomed flask and purged with nitrogen 
for 1 h at 0 °C while stirring.  Allylchloroformate (80 g, 0.66 mol) was added dropwise, and HCl 
gas evolved followed by a white precipitate.  Upon complete addition of the allylchloroformate, 
the reaction mixture was allowed to mix for 2 h as the contents were slowly warmed to room 
temperature.  The product was filtered and washed with an equal volume of 2M HCl followed by 
an equal volume of brine.  The product was then dried over sodium sulfate and purified under 
vacuum to give 78.4 g (82%) of clear, yellow liquid. 1H NMR (500 MHz, CDCl3, δ): 5.88 (ddd, 
J = 5.4, 10.8, 16.2, 1H; -CH=), 5.27 (d, J = 17.1, 1H; =CH2), 5.17 (d, J = 10.4, 1H; =CH2), 4.95 
(s, 1H, -NH-), 4.52 (d, J = 5.4, 2H; -CH2-), 3.76 – 3.68 (m, 4H, -CH2-), 3.14 (dt, J = 6.3, 12.5, 
2H; -CH2-), 1.60 – 1.50 (m, 2H, -CH2-), 1.18 (td, J = 0.6, 7.0, 6H; CH3-), 0.61 – 0.55 (m, 2H, -
CH2-), 0.13 – 0.03 (m, 3H, CH3-). 
 
Synthesis of SiNHC=C DP DO Oligomers.  Allyl (3-(diethoxy(methyl)silyl)propyl) carbamate  
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and the polymer chain lengths controlled through the addition of trimethylmethoxy silane.  In the 
first ratio, SiNHC=C (54.4 g, 0.20 mol), SiDP (38.6 g, 0.16 mol), SiDO (12.5 g, 0.040 mol), and 
SiMe (8.23 g, 0.079 mol) were loaded into a round-bottomed flask with 1M HCl (15.4 g, 0.85 
mol) and heated to 60 °C.  After stirring for 7 days, the reaction by-products (methanol, ethanol 
and water) were evaporated, and 87.2 g (99 %) a clear, viscous liquid with a dark yellow color 
was obtained.  The remaining two SiNHC=C DP DO oligomers were synthesized by an identical 
method but with lower starting fractions of SiDP and higher fractions of SiDO. Specifically, the 
second SiNHC=C DP DO oligomer was synthesized from SiNHC=C (54.4 g, 0.20 mol), SiDP 
(28.9 g, 0.12 mol), SiDO (25.0 g, 0.079 mol), and SiMe (8.23 g, 0.079 mol) and purified to 89.5 
g (98 %) of product.  The final SiNHC=C DP DO oligomer was synthesized from SiNHC=C 
(43.5 g, 0.16 mol), SiDP (15.4 g, 0.063 mol), SiDO (30.0 g, 0.095 mol), and SiMe (6.58 g, 0.063 
mol) and purified to 73.8 g (98 %) of product.  The purity of all three SiNHC=C DP DO 
oligomers was determined by 1H NMR (500 MHz, CDCl3) through the disappearance of peaks 
corresponding to ethanol, methanol, and water protons.  Final spectra of the three oligomers, 
collected at equivalent concentrations, are presented in Figure 3.4. 
 
Synthesis of SiSH DP Oligomers.  3-(mercaptopropylmethyl)dimethoxy silane was co-condensed 
in three ratios with diphenyldimethoxy silane and capped with trimethylmethoxy silane 
following the procedure described above.  Briefly, the first oligomer was synthesized with equal 
molar quantities of SiSH (37.1 g, 0.21 mol) and SiDP (50.2 g, 0.21 mol) with SiMe (8.58 g, 
0.082 mol) added to control polymer chain lengths.  The second oligomer was synthesized with a 
2X molar excess of SiSH (93.3 g, 0.52 mol) relative to SiDP (63.2 g, 0.26 mol) in the initial 
mixture with SiMe (16.2 g, 0.16 mol), while the synthesis of the third oligomer utilized a 3X 
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molar excess of SiSH (105 g, 0.58 mol) to SiDP (47.4 g, 0.19 mol) with SiMe (16.2 g, 0.16 mol) 
again used to control polymer chain length.  Purity of the SiSH DP oligomers was determined by 
1H NMR (500 MHz, CDCl3) through the disappearance of peaks corresponding to methanol and 
water protons.  The final spectra of the three SiSH DP oligomers are presented in Figure 3.5. 
 
 
 
Figure 3.4.  1H NMRs of the SiNHC=C DP DO oligomers.  From spectra a) to spectra c), the 
SiDP content increases incrementally while the SiDO content decreases and the SiNHC=C 
content remains constant. 
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Figure 3.5.  1H NMRs of the SiSH DP oligomers.  The SiDP fraction rises from spectra a) to 
spectra c) while the SiSH fraction lessens. 
 
3.3.2 Characterization. 
MALDI-TOF mass spectrometry was performed on each polysiloxane (Voyager-DE STR 
Biospectrometry Workstation).  The analysis followed a previously reported method in which 
individual solutions of the trans-3-indoleacrylic acid matrix (10 mg/mL), sample (2 mg/mL), and 
sodium trifluoroacetate (1 mg/mL) were prepared using a 7/3, v/v mixture of 
tetrahydrofuran/methanol.27  Equal volumes of the three solutions were hand-spotted onto the 
MALDI plate. 
 Polymerization conversion studies were performed on formulated thiol-ene mixtures in 
the near IR (Nicolet Magna-IR 750 series II FTIR spectrometer) using glass slides separated by a 
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300 µm spacer as the sample holders.  Following an initial scan, each specimen was irradiated 
with a high-pressure mercury vapor short arc lamp (EXFO Acticure 4000) equipped with a 365 
nm narrow bandpass filter.  Light intensity was measured with a radiometer equipped with a 
GaAsP detector (International Light IL1400A, model SEL005), a wide bandpass filter 
(WBS320), and a quartz diffuser (model W).  The final conversions of thiol and allyl 
functionalities were calculated as one minus the ratio of final to initial peak areas centered at 
2570 cm-1 (SiSH DP, S-H stretch) and 4490 cm-1 (SiNHC=C DP DO, C=C stretch), respectively.  
The impact of network formation on secondary interactions was quantified by the change in 
hydrogen bonds from the peak centered at 3330 cm-1 (O-H stretch) in the mid IR. 
Dynamic mechanical analysis (DMA) was performed in triplicate on each crosslinked 
thiol-ene siloxane networks in tension using a TA Instruments Q800 scanning at 1 °C/min from -
40 to 40 °C at a frequency of 1 Hz and a strain of 0.1%.  The crosslink density was estimated 
from the elastic modulus (E’) in the rubbery regime according to rubber elasticity theory.28  The 
glass transition temperature (Tg) was defined as the temperature corresponding to the maximum 
in the tan δ curve. 
Toughness and extensibility of each crosslinked formulation was obtained using a 
mechanical tester (MTS 858 Mini Bionix II).  Five dogbone-shaped specimen (ASTM D638, 
Type IV) of each formulation were extended at 10 mm/min until rupture.  Specimen toughness 
(TEB) was calculated as the area under the resulting stress vs. strain curve, while Young’s 
modulus (E) was determined from the initial slope.  The stress and strain (%) at rupture were 
taken to be the ultimate strength (σU) and elongation at break (%El), respectively.  Samples were 
prepared as for testing as follows.  An uncured formulation was injected between two glass slides 
(7” x 5”) separated by an 0.04” thick spacer, and the filled sample holder was run through a UV 
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processor (Fusion UV, model DRS-10/12) operating at 100% light intensity and a belt speed of 9 
rpm.  The crosslinked, cured samples were then removed from the glass slides, and five 
specimen were extracted using a custom metal dye (Global Dyes, ASTM D638, Type IV). 
Lastly, surface energy was quantified by measuring the static contact angle (DROPimage 
Advanced, v.2.0.10) of DI water atop a film of each crosslinked network with a goniometer 
(Ramé-Hart Instruments, Model 500 Advanced).  Samples were again prepared by injecting 
uncured formulations between two glass slides separated by glass spacers (1mm thick).  Samples 
were photopolymerized following the UV processor method described above.  Complete 
conversion of each sample was confirmed by FTIR. 
 
3.4 Results and Discussion 
The molecular weights (Mn and Mw) as well as the polydispersity (PDI) of the three 
SiNHC=C DP DO oligomers and the three SiSH DP oligomers were determined by MALDI-
TOF MS (Figure 3.6).  From this data, the average chain compositions (x:y:z) were calculated 
from the synthetic silane mole fractions assuming a polymer composition that reflects the 
relative initial monomer ratios given the consistency between the synthetic monomer ratios and 
the 1H NMR peak ratios of each component (Table 3.1). 
The molecular weights of the polysiloxanes typically follow a Poisson distribution and exhibit 
rather low polydispersities, a feature representative of their chain-length dependent nature of 
condensation.1  However, for molecular weights greater than 1000, the Poisson distribution 
approximates the Gaussian distribution, which implicates an equal probability of condensation 
for all monomer species.  Theoretically, silanes with pendant functional groups that concentrate 
electron density around the central silicon atom, such as benzene, promote condensation.29  Thus, 
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the phenyl-functional silane monomers would be expected to exhibit greater reactivity than the 
other silane monomers used in this study, yet the  low PDI values (1.06 – 1.16 by MALDI and 
1.08 - 1.25 by GPC) of the allyl- and thiol-functionalized siloxane oligomers suggest a 
consistency among all chain structures of a single synthetic ratio, which further validates the 
assumption of equal reactivity of all silane monomers in approximating polysiloxane chain 
compositions. 
 
 
 
Figure 3.6.  Representative MALDI plot of a functionalized siloxane polymer distribution.  The 
5:5 SiSH DP oligomer is shown.  The peak intensities are plotted as a fraction of the maximum 
peak height.  Mass/charge is corrected for mass of the ionizing agent, sodium trifluoroacetate, by 
subtracting the molecular weight of sodium (23 g/mol). 
 
The compositions given in Table 3.1 afford the ability to control the material properties 
of the siloxane networks formed by polymerizing combinations of thiol- and allyl-functionalized 
oligomers.  For the SiNHC=C DP DO oligomers, the ratio of allyl- (A) to phenyl- (P) to octyl- 
(O) functional monomer was varied from 5:4:1 to 5:2:3 A:P:O in an effort to achieve similar 
crosslink densities while altering the chain stiffness and degree of pi-pi stacking.  Similarly, 
within the SiSH DP oligomers, the ratio of thiol-functional monomer to phenyl-functional 
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monomer was increased from 1:1 to 3:1 in an attempt to alter the ultimate crosslink density, 
chain stiffness, and degree of pi-pi stacking.  Secondary interactions offered by the urethane and 
phenyl functionalities (i.e., hydrogen bonding and pi-pi stacking) are known to increase the glass 
transition temperature and elastic modulus.  Conversely, chain flexibility and high molecular 
weights between crosslinks (Mc), which increase with increasing octyl-functional monomer 
content, reduce the glass transition temperature and elastic modulus, respectively.28 
 
Table 3.1.  Average molecular weights (Mn and Mw) and repeat compositions of a) the three 
SiNHC=C DP DO oligomers and b) the three SiSH DP oligomers.  Repeat compositions (x:y:z) 
were calculated from the synthetic silane mole fractions under the assumption of equal monomer 
reactivity. 
 
Siloxane Structure x:y:z Mn 
(g/mol) 
Mw 
(g/mol) 
Mw/Mn 
5:4:1 2130 2360 1.1 
5:3:2 2240 2370 1.1 
 
5:2:3 2390 2570 1.1 
5:5 1820 2120 1.2 
7:3 1700 1940 1.1 
 
8:3 1680 1940 1.2 
 
Thus, networks formed from SiNHC=C DP DO oligomers with high phenyl 
compositions should display greater Tg and E’ values than those formed from oligomers with 
high dioctyl compositions when reacted with thiolated oligomers of equal degrees of 
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functionalization.  Such a trend is apparent in Figure 3.7a.  As the diphenyl content increases 
from 2:3 to 3:2, and again from 3:2 to 4:1, a notable increase in Tg is detected.  Furthermore, a 
slight increase in E’ occurs when increasing the diphenyl content from 2:3 to 3:2 in the oligomer, 
but no such rise is evident when the ratio is increased further to 4:1.  Likely the equivalent 
number of allyl functional groups per chain for the three types of SiNHC=C DP DO oligomers is 
the dominant factor in crosslink density trends, which explains the lack of any significant rise in 
E’ with increasing phenyl content. 
 
 
 
Figure 3.7.  Storage modulus versus temperature plots for networks formed under two scenarios.  
a) a single ene oligomer (5:3:2 SiNHC=C DP DO) polymerized with the three thiol oligomers, 
and b) A single thiol oligomer (1:1 SiSH DP) polymerized with the three ene oligomers.  All 
samples were formulated with 0.5 wt% IR184 and irradiated for 10 min at an intensity of 25 
mW/cm2.  Testing was performed in triplicates; for clarity, not all data points are shown. 
 
Although high thiol-functional compositions produce elevated crosslink densities that 
should increase Tg and E’, the extent of secondary interactions in the form of pi-pi stacking is 
diminished as the thiol functionality increases in the SiSH DP oligomers, limiting the evolution 
in their network properties.  The crosslink density and modulus increase significantly as the thiol 
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oligomer does not result in a significant increase in either the glass transition temperature or 
crosslink density, as indicated by the elastic modulus in Figure 3.7b.  From the elastic modulus 
vs. temperature plots, the Tg depends most strongly on the allyl-functional siloxane while E’ is 
more closely impacted by the thiol-functional siloxane.  The complete set of thermomechanical 
data collected for all thiol-ene polymer networks, in addition to their final fractional conversions, 
is provided in Table 3.2.  Clearly, the thiol-ene reaction maintains its speed and highly 
quantitative conversions in these siloxane systems.  Moreover, less than a 10% decrease in 
hydrogen bonding is noted by FTIR evaluation of networks upon photopolymerization. 
 
Table 3.2.  Comprehensive results (avg±st dev) of the thermomechanical testing conducted in 
this study.  The systems for DMA testing were formulated with 0.5 wt% of IR184 and irradiated 
for 10 min with 25 mW/cm2 of UV light (365 nm).  Sample thickness was 300 µm.  All tests 
were performed in triplicate. 
 
Ene/Thiol 
(x:y:z/x:y)a 
%C=C 
Conversion 
Tg (°C)b 
 
E’ (MPa)c XLD (mol/m3) 
5:4:1/5:5 82 ± 2 1.8 ± 1 1.4 ± 0.2 180 ± 30 
5:4:1/7:3 86 ± 3 3.2 ± 1 2.8 ± 0.1 370 ± 20 
5:4:1/8:3 85 ± 5 2.8 ± 1 2.3 ± 0.8 300 ± 100 
5:3:2/5:5 83 ± 2 -5.8 ± 1 1.3 ± 0.1 170 ± 20 
5:3:2/7:3 90 ± 1 -4.3 ± 1 3.1 ± 0.7 400 ± 100 
5:3:2/8:3 92 ± 0 -2.7 ± 1 2.8 ± 0.1 360 ± 10 
5:2:3/5:5 86 ± 0 -13 ± 0 1.0 ± 0.4 140 ± 50 
5:2:3/7:3 85 ± 0 -16 ± 1 1.5 ± 0.2 200 ± 30 
5:2:3/8:3 92 ± 1 -14 ± 1 1.7 ± 0.4 220 ± 50 
aStructural compositions of each oligomer (allyl:phenyl:octyl/thiol:phenyl). bTaken as the 
max(tan d). cReported at T = 35 °C 
 
The structure-property relationship between siloxane oligomer composition and observed 
network behavior persists when looking at the mechanical test data presented in Table 3.3.  For a 
given ene-functional oligomer, the elasticity, represented by percentage elongation at break 
(%El) increases markedly with decreasing crosslink density.  The rise in elongation with 
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decreasing thiol-functional monomers is a two-fold phenomenon.  First, the lower crosslink 
density allows for greater flexibility of the network since fewer tethering points exist to restrict 
movement or serve as failure sites through the rupture of covalent bonds.  Secondly, in the thiol-
functionalized oligomers, a decrease in crosslink sites is accompanied by an increase in 
secondary interactions, as the concentration of benzene-functional repeats increases relative to 
thiol-functional repeats.  Therefore, with increasing diphenyl repeats in either the thiol-
functionalized oligomer or allyl-functionalized oligomer, higher elongation values are observed.  
The relationship between rising secondary interactions from increased diphenyl repeats in the 
allyl-functionalized oligomer is clearly shown in Figure 3.8a, while the same trend from 
increased diphenyl repeats in the thiolated oligomer is apparent in Figure 3.8b. 
 
 
 
Figure 3.8.  Stress versus strain plots for networks formed under two scenarios.  a) A single thiol 
oligomer (1:1 SiSH DP) polymerized with the three ene oligomers, and b) a single ene oligomer 
(5:3:2 SiNHC=C DP DO) polymerized with the three thiol oligomers.  All samples were 
formulated with 0.5 wt% IR184 and photopolymerized via single pass UV processing (9 rpm, 
100% light intensity).  For clarity, not all data points are shown. 
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In contrast to elasticity, ultimate strength shows a consistent rise with increasing 
crosslink density.  A similar argument can be used, however, to account for this trend.  With 
increasing crosslink density comes a higher concentration of covalent bonds that must absorb 
energy, rupture, and ultimately allow network failure.  Figure 3.8b best illustrates this 
phenomenon.  As the number of thiol-functional repeats increases, so too does ultimate strength.  
The difference in strength between networks formulated with the 1:1 SiSH DP oligomer and the 
3:1 SiSH DP oligomer is drastic.  However, little disparity is noted between the 3:1 SiSH DP and 
the 2:1 SiSH DP network behavior given the slight alteration in their average degrees of thiol 
functionalization (8 thiols per chain vs. 7 thiols per chain, respectively).  Since secondary 
contribute significantly to the overall viscoelastic behavior of the polymer, increasing the 
concentration of functionalities that can hydrogen bond or pi-pi stack generally increases 
ultimate strength.  While an increase is certainly observed, the impact of secondary interactions 
on ultimate strength is less significant than that of covalently formed crosslinks.  As seen in 
Figure 3.8a, increasing the concentration of phenyl-functional monomers in the SiNHC=C DP 
DO oligomer has only a limited effect. 
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Table 3.3.  Comprehensive results (avg±st dev) of the MTS evaluation of photopolymerized 
samples conducted in this study.  The systems were formulated with 0.5 wt% IR184 and 
irradiated by UV processing (9 rpm, 100% light intensity).  Sample thickness was 1.0 mm.  
Mechanical testing was performed in sets of 5 per formulation, but only a single specimen was 
tested by FTIR to confirm complete conversion of functional groups. 
 
Ene/Thiol 
(x:y:z/x:y)a 
%C=C 
Conversion 
TEB (kJ/m3) 
 
E (MPa) σU (kPa) %El 
5:4:1/5:5 86 205 ± 50 0.4 ± 0.0 350 ± 50 84 ± 7 
5:4:1/7:3 90 150 ± 10 1.3 ± 0.1 600 ± 30 48 ± 4 
5:4:1/8:3 93 150 ± 20 1.8 ± 0.1 670 ± 60 41 ± 4 
5:3:2/5:5 86 85 ± 15 0.4 ± 0.0 240 ± 40 63 ± 5 
5:3:2/7:3 90 110 ± 20 1.5 ± 0.1 530 ± 40 40 ± 5 
5:3:2/8:3 94 96 ± 10 1.9 ± 0.1 590 ± 30 31 ± 2 
5:2:3/5:5 87 55 ± 9 0.3 ± 0.0 170 ± 20 60 ± 4 
5:2:3/7:3 93 68 ± 8 0.8 ± 0.0 320 ± 20 42 ± 3 
5:2:3/8:3 95 50 ± 10 1.1 ± 0.1 310 ± 50 29 ± 3 
aStructural compositions of each oligomer (allyl:phenyl:octyl/thiol:phenyl). 
 
Although clear correlations exist between siloxane structural compositions, elasticity, and 
ultimate strength, no such trends are obvious with respect to network toughness (TEB).  
Toughness is a measurement of the amount of energy a material can absorb on a volumetric basis 
prior to failure.  Thus, increased toughness results when a balance is struck between the crosslink 
density and the degree of secondary interactions.  In this study, that balance is best met with the 
5:4:1 SiNHC=C DP DO oligomer being polymerized with the 1:1 SiSH DP oligomer.  The low 
density of thiol repeats in the SiSH DP oligomer provides a low crosslink density that limits the 
brittleness and enhances the elongation at break.  Furthermore, the high concentration of 
diphenyl repeats in both the SiNHC=C DP DO and SiSH DP oligomers give the network 
elevated ultimate strength and elongation with respect to other networks of equal crosslink 
density. 
Conversely, the lowest observed toughness value was in the formulation with the exact 
opposite structural characteristics to the 5:4:1 SiNHC=C DP DO/1:1 SiSH DP network.  The 
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5:2:3 SiNHC=C DP DO with the 3:1 SiSH DP contained the lowest concentration of diphenyl 
repeats for pi-pi stacking with the greatest number of thiol functionalities for establishing 
crosslinks.  Although this network had the highest ultimate strength of networks made with the 
5:2:3 SiNHC=C DP DO oligomer, it also had the lowest elongation.  Additionally, the 5:2:3 
SiNHC=C DP DO/3:1 SiSH DP network had the lowest strength of all the networks containing 
3:1 SiSH DP.  The combination of low strength with restricted elongation created a brittle 
material with low toughness. 
 
 
 
Figure 3.9.  Contact angle measurements of the nine fully formulated networks (0.5 wt% 
IR184).  Crosslinked networks were formed by irradiating samples via single pass UV 
processing (9 rpm, 100% light intensity). 
 
In the final component of this study, the surface energies of the crosslinked thiol-ene 
networks were determined through static contact angle measurements.  The results of the 
goniometer experiments are shown in Figure 3.9.  The structural content of each oligomer again 
impacts the observed material properties; as the fraction of hydrophobic octyl-functional 
monomers increases, so does the contact angle.  This trend holds regardless of the composition 
of the thiol oligomer.  However, the overall concentration of hydrophobic or hydrophilic 
SiSH DP Oligomer
100
95
90
85
80
75
70
65
60
55
5:4:1 5:3:2 5:2:3 5:4:1 5:3:2 5:2:3 5:4:1 5:3:2 5:2:3
3:1 2:1 1:1
SiNHC=C DP DO Oligomer
Co
nt
ac
t A
ng
le
39 
 
substituents within a thiol-ene formulation does not rise linearly with the degree of thiol-
functionalization.  Consequently, no regular trend exists to correlate the degree of thiol 
functionalization with contact angle for a given ene-functionalized oligomer. 
 
3.5 Conclusions 
The synthesis and characterization of thiol- and ene-functionalized siloxanes with 
systematically varied compositions as well as polymers formed from varying oligomer structures 
have been successfully carried out.  The synthesis of polysiloxanes by condensation yields 
oligomers with low polydispersity and a near Poisson distribution.  Furthermore, the material 
properties of polysiloxanes have been readily manipulated through the choice of pendant 
functionalities, as evidenced by thermomechanical, MTS, and surface energy measurements.  
Networks formed from oligomers with a high degree of reactive functionalities (i.e., thiols), 
tended to exhibit higher glass transition temperatures, rubbery moduli, ultimate strength, and 
Young’s moduli, but they also displayed lower elongation at break.  The concentration of 
pendant groups capable of secondary interactions (i.e., pi-pi stacking or hydrogen bonding), 
tended to directly impact rubbery modulus, ultimate strength, and elongation at break, although 
not to the same extent as degree of thiol functionalization.  Secondary interactions did, however, 
play a greater role in glass transition temperature than did crosslink density.  Lastly, the 
concentration of octyl-functionalized repeats within the SiNHC=C DP DO oligomer significantly 
influenced the surface energy of crosslinked networks.  Material hydrophobicity increased 
directly with the number of octyl-functional repeats at every crosslink density. 
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CHAPTER IV 
 
 
EVALUATION OF THIOL-ENE CLICK CHEMISTRY IN FUNCTIONALIZED 
POLYSILOXANES 
 
 
4.1 Abstract 
Polysiloxanes are commonly used in biomedical applications, and the “click” nature of 
the thiol-ene reaction is well suited for introducing alternative functionalities or for crosslinking 
these ubiquitous polymers.  As such, understanding of the thiol-ene reaction in the presence of 
silicones is valuable and would lead to enhanced methodologies for modification and 
crosslinking.  Here, the thiol-ene reaction kinetics were investigated in functionalized 
oligosiloxanes having varying degrees of thiol fuctionalization (SH), pi-pi interactions (DP), and 
ene types (C=C).  Specifically, the polymerization rate and rate-limiting steps were determined 
for all systems containing an allyl-functionalized oligomer.  The thiol-ene functionalized 
siloxane systems displayed polymerization rates ranging from 0.10 mol/L/min to 0.54 
mol/L/min.  The rate-limiting step varied with the composition of the unreacted oligomers, and 
examples of formulations that were rate limited by propagation (5:3:2 C=C:DP:DO/1:1 SH:DP) 
or chain transfer (5:3:2 C=C:DP:DO/3:1 SH:DP) were found as well as systems for which the 
two reaction steps have similar rate constants (5:2:3 C=C:DP:DO/1:1 SH:DP).  None of the 
siloxanes were found to exhibit autoacceleration despite their relatively high viscosities.  Instead, 
the allyl-, vinyl-, and acrylate-functionalized siloxanes were all found to undergo unimolecular 
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termination rather than bimolecular termination based on their high α scaling values (0.98, 0.95, 
and 0.82, respectively) in the relation Rp Riα. 
 
4.2 Introduction 
 The thiol-ene reaction mechanism is widely recognized for its unique, yet 
accommodating features; it is amenable to multiple initiation techniques, reaches quantitative 
conversions in relatively short timeframes, produces no by-products, and is resistant to side 
reactions.1-3 Of particular interest, however, is the step growth nature of the thiol-ene 
polymerization wherein alternating propagation and chain transfer events cycle until radicals 
terminate, presumably combining in a bimolecular termination event (Figure 4.1).4  Since 
molecular weight builds uniformly in step growth polymerizations, multifunctional thiol-ene 
systems exhibit delayed gelation relative to chain growth polymerizations (i.e., (meth)acrylate or 
vinyl homopolymerizations) and retain liquid flow capabilities for an extended reaction period.5  
Furthermore, the crosslinked networks formed via thiol-ene polymerizations are more 
homogenous than those formed by chain growth mechanisms.  Consequently, the networks 
display sharp transition regions and are particularly well suited for temperature sensitive 
applications such as shape memory polymers.6 
The presence of a proficient chain transfer agent within the reaction medium confers 
advantages beyond those inherent to the step-growth polymerization mechanism.  Namely, thiol-
ene polymerizations display reduced oxygen inhibition, as thiols readily undergo hydrogen 
transfer to peroxy radicals to generate thiyl radicals capable of propagating through vinyl 
monomers.7  (Meth)acrylate homopolymerizations are infamously sensitive to inhibition by 
molecular oxygen, and coatings formed under ambient conditions are inevitably left with tacky 
! 
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surfaces.8  Moreover, the valence electron shell of sulfur permits two covalent bonds to be 
formed, whereas the electron configuration of carbon allows four covalent bonds to be made.  As 
such, (meth)acrylate networks experience greater shrinkage and shrinkage stress than thiol-ene 
networks.9  Therefore, thiol-ene chemistry is an asset in both dimensionally sensitive and 
mechanically demanding applications and is frequently employed to develop microfluidic 
devices,10 coatings,11 optical lenses,12 and dental materials.13  
 
 
Figure 4.1.  Thiol-Ene Reaction Mechanism.4  The thiol-ene polymerization proceeds through a 
cyclic step growth mechanism consisting of alternating propagation/chain transfer steps 
following initiation and prior to termination.  The reaction mechanism assumes ideal conditions 
in which the alternating steps proceed at the same overall rate. 
 
 Given the multitude of applications for the thiol-ene reaction, the kinetics of the thiol-ene 
reaction have been thoroughly examined in traditional systems.  Past work has shown that the 
nature of the thiol-ene reaction, both in controlling the propagation and termination mechanisms, 
can be governed through the choice of ene and/or thiol functionalities. Investigations have 
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clearly illustrated that polymerizations conducted with allyl ethers tend to be chain transfer 
limited, whereas polymerizations of thiols with vinyl ethers or norbornenes exhibit nearly 
equivalent propagation and chain transfer rate constants.14  Moreover, extensive work from the 
Hoyle group explored the relative reactivities of various thiol and ene structures, documenting 
greater reactivity for norbornenes and vinyl ethers than for allyl ethers or acrylates.  Hoyle et al. 
have further confirmed that the availability for hydrogen bonding within thiol propionate esters 
and thiol glycolate esters confer higher reactivity levels than alkyl thiols.15  Additionally, Scott et 
al. have demonstrated that the mode of termination in thiol-ene systems is dependent on both 
thiol and ene structural compositions and can vary from bimolecular to apparently unimolecular 
termination mechanisms.16 
 Still, little work has been conducted to investigate the impact of siloxane chemistry on 
the thiol-ene reaction mechanism.  Multiple investigators have confirmed that the thiol-ene 
reaction retains its “click” features in the presence of silicones; yet their work has generally been 
limited to the application of the thiol-ene reaction rather than the characterization of its 
mechanism.  Wijas and Chojnowski, for example, have verified that the thiol-ene addition 
proceeds under mild conditions and reaches quantitative yields in the functionalization of 
silsesquioxanes.17  Moreover, Kim et al. have documented rapid, homogenous network 
formation in under ambient conditions without solvent or notable oxygen inhibition in the 
production of dielectric materials via photopolymerization of thiol-ene functionalized 
oligosiloxanes.18  Hoyle et al. have used the thiol-ene reaction to modify POSS nanocomposites 
for increased compatibility in and subsequent polymerization with thiol-ene monomer 
mixtures.19  In their work, the vinyl-functionalized POSS nanocomposites were found to have no 
significant impact on polymerization rate at loading levels up to 5 mol%.  The thiol-ene reaction 
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has been exploited repeatedly in siloxane-based surface functionalization.  “Grafting to” and 
“grafting from” scenarios are routinely employed by clicking either thiol- or ene-functionalized 
monomers to a silanated counterpart tethered to the surface.11, 20  Müller and Kunz have probed 
deeper into the role of silicone in the thiol-ene reacation and investigated the impact of ene 
structure on reaction enthalpy, rate of polymerization, and network density.21  However, their 
work was limited to α-ω-ene-terminated polydimethylsiloxanes and did not address the influence 
of nonreactive pendant groups on the thiol-ene reaction rate or termination mechanism. 
Here, the polymerization kinetics of thiol- and ene- functionalized siloxanes are 
investigated.  In particular, the impact of the siloxane oligomeric structure on the observed 
polymerization rate is considered with specific attention placed on the influence of the degree of 
thiol functionalization and the extent of pi-pi interactions.  Additionally, the rate-limiting step in 
the thiol-ene polymerization mechanism is determined for both functionalized siloxane and a 
corresponding traditional thiol-ene system.  Lastly, the nature of termination in thiol-ene 
functionalized polysiloxanes is explored by systematically incrementing light intensity during 
siloxane-thiol photopolymerization with three types of ene functional siloxanes: allyl, acrylate, 
and vinyl. 
 
4.3 Experimental Section 
4.3.1 Materials 
3-aminopropyl(methyl) diethoxysilane (SiNH2, 95%), 3-mercaptopropyl(methyl) 
dimethoxysilane (SiSH, 96%), diphenyl dimethoxysilane (SiDP, 98%), di-n-octyl 
dimethoxysilane (SiDO), 3-acryloxypropyl(methyl) dimethoxysilane (SiAcr, 95%), 
vinyl(methyl) dimethoxysilane (SiVin), and trimethylmethoxysilane (SiMe) were purchased 
47 
 
from Gelest, Inc. (Morrisville, PA) and used without further purification.  Allylchloroformate 
(97%), diallylsuccinate (DAS), and triethylamine (≥99%) were purchased from Sigma Aldrich 
(St. Louis, MO) and used as received.  1,6-hexanedithiol (HDT, ≥97%) was also purchased from 
Sigma Aldrich but was distilled prior to use.  The photoinitiator, Irgacure 184 (1-hydroxy-
cyclohexyl-phenyl-ketone), was obtained from Ciba Specialty Chemicals. 
 
Synthesis of allyl(3-(diethoxy(methyl)silyl) propyl)carbamate (SiNHC=C).  3-
(aminopropylmethyl)diethoxy silane (90.71 g, 0.47 mol) and triethylamine (75.45 g, 0.75 mol) 
were loaded into a sealed 1000 mL three-neck round-bottomed flask and purged with nitrogen 
for 1 h at 0 °C while stirring.  Allylchloroformate (80 g, 0.66 mol) was added dropwise, and HCl 
gas evolved followed by a white precipitate.  Upon complete addition of the allylchloroformate, 
the reaction mixture was allowed to mix for 2 h as the contents were slowly warmed to room 
temperature.  The product was filtered and washed with an equal volume of 2M HCl followed by 
an equal volume of brine.  The product was then dried over sodium sulfate and purified under 
vacuum to give 78.4 g (82%) of clear, yellow liquid. 1H NMR (500 MHz, CDCl3, δ): 5.88 (ddd, J 
= 5.4, 10.8, 16.2, 1H; -CH=), 5.27 (d, J = 17.1, 1H; =CH2), 5.17 (d, J = 10.4, 1H; =CH2), 4.95 (s, 
1H, -NH-), 4.52 (d, J = 5.4, 2H; -CH2-), 3.76 – 3.68 (m, 4H, -CH2-), 3.14 (dt, J = 6.3, 12.5, 2H; -
CH2-), 1.60 – 1.50 (m, 2H, -CH2-), 1.18 (td, J = 0.6, 7.0, 6H; CH3-), 0.61 – 0.55 (m, 2H, -CH2-), 
0.13 – 0.03 (m, 3H, CH3-). 
 
Synthesis of SiSH DP (Figure 4.2a) and SiNHC=C DP DO (Figure 4.2b) Oligomers.  Thiol- and 
allyl-functionalized siloxane oligomers were synthesized via the acid-catalyzed condensation of 
alkoxysilane monomers outlined above, and their structural characteristics were reported 
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previously.22  For the allyl-functional oligomers, SiNHC=C was combined with SiDP, SiDO, and 
SiMe in three separate ratios of C=C:DP:DO (5:4:1, 5:3:2, and 5:2:3).  Similarly, the three thiol-
functionalized oligomers were synthesized from the condensation of SiSH, SiDP, and SiMe in 
varying ratios of SH:DP (5:5, 7:3, and 8:3).  The purity of each oligomer was confirmed using 1H 
NMR, and the molecular weight distribution was determined by MALDI-TOF MS. 
 
 
Figure 4.2.  Functionalized Siloxane Oligomers used in this Study. a) SiSH DP.  The thiol-
functionalized oligomer was synthesized in three ratios of SH:DP (5:5, 7:3, and 8:3), b) 
SiNHC=C DP DO.  The allyl-functionalized oligomer was synthesized in three ratios of 
C=C:DP:DO (5:4:1, 5:3:2, and 5:2:3), c) SiAcr DP DO, d) SiVin DP DO.  The acrylate- and 
vinyl-functionalized oligomers were each synthesized in a single ratio of C=C:DP:DO (5:4:1). 
 
Synthesis of SiAcr DP DO (Figure 4.2c) and SiVin DP DO (Figure 4.2d) Oligomers.  An 
acrylate- and a vinyl-functionalized oligomer were synthesized following the established 
protocol.22  Briefly, the acrylate-functionalized oligomer was synthesized by combining SiAcr 
(10.6 g, 0.05 mol), SiDP (9.47 g, 0.04 mol), SiDO (3.07 g, 0.01 mol) and SiMe (1.73 g, 0.02 
mol) with 1M HCl (3.44 g, 0.20 mol).  The reaction contents were heated to 60 °C, and after 7 
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days of continuous mixing the condensation by-products (methanol and water) were evaporated 
to yield 19.2 g (96 %) of clear oil.  Likewise, a vinyl-functionalized oligomer was synthesized by 
combining SiVin (8.27 g, 0.06 mol), SiDP (12.23 g, 0.05 mol), SiDO (3.96 g, 0.01 mol), and 
SiMe (2.61 g, 0.03 mol) with 1M HCl (4.51 g, 0.25 mol).  Upon by-product evaporation, 20.3 g 
(98 %) of SiVin DP DO was collected.  The purity of each oligomer was confirmed by 1H NMR 
through the disappearance of peaks corresponding to methanol and water. 
 
Sample Preparation.  Siloxane formulations were mixed in systematic combinations to 
determine the impact of oligomer structure and type and extent of functionalization on thiol-ene 
reaction properties.  The first oligomer set isolated the effect of phenyl content on the thiol-ene 
reaction by combining each of the three allyl-functionalized oligomers with a single thiol-
functionalized oligomer.  Standard formulations of this variety incorporated the thiol-
functionalized siloxane synthesized in a 1:1 ratio of thiol (SH) to diphenyl repeats (DP).  The 
second set contained a single allyl-functionalized oligomer (5:3:2 C=C:DP:DO) with the three 
types of thiol-functionalized oligomers to determine the effect that the number of thiol groups 
per chain had on the thiol-ene reaction.  Lastly, the effect that the type of ene had on the thiol-
ene reaction in the presence of silicone was addressed by combining allyl-, vinyl-, and acrylate-
functionalized siloxane oligomers (5:4:1 C=C:DP:DO) with the 2:1 SH:DP thiol-functionalized 
oligomer.  Samples were prepared in a 1:1 molar ratio of SH:C=C functionalities for studies that 
compared relative polymerization rates between differing formulations.  Off-stoichiometric 
mixtures were prepared to identify the rate-limiting step in the thiol-ene reaction of 
functionalized siloxane systems. 
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4.3.2 Characterization 
Viscosity measurements were conducted on the allyl-functionalized oligomers 
(SiNHC=C DP DO) and the thiol-allyl systems formulated without initiator with a TA 
Instruments ARES Rheometer.  For each sample a steady rate sweep test from 1 rps to 100 rps 
was performed in a parallel plate geometry at a gap distance of 0.30 mm.  The viscosity (µ) of 
the test samples is reported at 4 rps.  All samples were tested in triplicate. 
Polymerization conversion studies were performed on fully formulated thiol-ene mixtures 
injected between two glass slides separated by 300 µm spacers using a Nicolet Magna-IR 750 
series II FTIR spectrometer.  Following a 30-second dark period, samples were irradiated with a 
high-pressure mercury vapor short arc lamp (EXFO Acticure 4000) equipped with a 365 nm 
narrow bandpass filter.  Light intensity was measured with a radiometer equipped with a GaAsP 
detector (International Light IL1400A, model SEL005), a wide bandpass filter (WBS320), and a 
quartz diffuser (model W).  Conversions of thiol, allyl, acrylate, and vinyl functionalities were 
monitored in real-time at a resolution of 2 cm-1 and at a rate of 5 scans every 2 seconds from the 
peak areas centered at 2570 cm-1 (SiSH DP, S-H stretch), 4490 cm-1 (SiNHC=C DP DO, C=C 
stretch), 4736 cm-1 (SiAcr DP DO, C=C stretch), and 4445 cm-1 (SiVin DP DO, C=C stretch), 
respectively.  The final conversion of each functional group was calculated as one minus the 
ratio of the final to initial peak areas.  All samples for conversion measurement were formulated 
and measured in triplicate.  The presented data represent the mean, and the error represents the 
associated standard deviations. 
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4.4 Results and Discussion 
 Five thiol-ene systems with equivalent formulation viscosities were created (Figure 4.3), 
and their rates of polymerization (Rp) were evaluated with respect to the phenyl content of the 
allyl-functionalized oligomer (Figure 4.4a) and the degree of thiol functionalization (Figure 
4.4b).  Rp of each system was determined from the slope of the conversion versus time plot in the 
linear regime, and the results are provided in Table 4.1.  Since pi-pi stacking from the phenyl 
repeats manifests physically as drastic variations in the allyl-functionalized oligomer viscosity, 
the ability of the thiol-ene functionalized siloxanes to undergo autoacceleration was first 
considered. 
 
 
Figure 4.3.  Viscosity measurements for siloxane oligomers under two scenarios. a) Allyl-
functionalized oligomers in their neat form.  b) Thiol-Allyl siloxane mixtures formulated without 
photoinitiator.  The viscosity values reported were measured at a 4 rps.  Samples were collected 
in triplicate.  Data is reported as the mean ± standard deviation. 
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Figure 4.4.  Conversion versus time plot for a) a single thiol-functionalized siloxane oligomer 
(1:1 SiSH DP) photopolymerized with each of the allyl-functionalized siloxane oligomers, and b) 
a single allyl-functionalized siloxane oligomer (5:3:2 SiNHC=C DP DO) photopolymerized with 
each of the thiol-functionalized siloxane oligomers.  Samples were formulated with 0.5 wt% 
IR184 and irradiated at 3 mW/cm2 for 5 min.  All testing was conducted in triplicate.  Data is 
reported as the mean ± standard deviation.  For clarity, not all data points are shown. 
 
Table 4.1.  Rate of polymerization and initial allyl concentration values for the five thiol-allyl 
systems evaluated in this study.  Formulations are presented in terms of their repeat compositions 
of C=C:DP:DO/SH:DP. 
 
 
 
 
 
 
 
 
aCalculated as the slope of the conversion versus time plot in the linear regime. 
 
In radical polymerizations, a heightened reactant viscosity often leads to an increased 
polymerization rate due to the Trommsdorff effect (or autoacceleration).  The Trommsdorff 
effect is a result of diffusion-limited bimolecular termination, where the increased molecular 
weight and/or crosslinking decreases the mobility and termination rate as the conversion 
increases.23, 24  However, the siloxane systems fail to exhibit autoacceleration despite their 
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5:3:2/1:1 0.32 ± 0.02 1.48 
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5:3:2/3:1 0.23 ± 0.00 1.49 
5:2:3/1:1 0.54 ± 0.04 1.59 
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relatively high formulation viscosities.  Moreover, the siloxanes do not exhibit any systematic 
trend in the dependence of the rate on the number of phenyl repeats in the allyl-functionalized 
oligomer.  As the number of phenyl repeat units within the ene oligomer is increased, the rate of 
polymerization undergoes little change. 
Initial kinetic studies involving the degree of thiol functionalization produced similar 
limitations for drawing formation-structure relationships, as no obvious trend exists between the 
polymerization rate and the number of thiols per siloxane chain.  Interestingly, however, the 
fastest polymerization rate is observed for the formulation with the fewest thiol repeats per chain.  
Rather than being governed directly by the number of phenyl or thiol repeats in an average chain, 
the thiol-ene polymerization rate in these siloxane systems appears to be dominated by the 
electronic effects of the surrounding chemical environment.  The synergistic combination of 
factors such as the π-orbitals of the benzene rings, the hydrogen-bonding propensity of the 
urethane functionalities, and the flexible nature of the siloxane backbone may facilitate 
propagation events over chain transfer events, or vice-versa, in a manner that leaves certain 
formulations more susceptible to diffusion limitations or thiol concentrations than others.  Thus, 
the rate-limiting step in the thiol-ene reaction was determined for each of the systems discussed 
above by analyzing the dependence of Rp on the concentrations of ene and thiol monomers 
(Table 4.2). 
In the thiol-ene reaction, when the kinetic constants for chain transfer and propagation are 
of similar magnitude, Rp [SH]0.5[C=C]0.5.  When the reaction is chain transfer limited (i.e., the 
chain transfer kinetic constant is much lower than the propagation kinetic constant),  Rp [SH]1.0.  
Conversely, for reactions in which propagation is the rate-limiting step, Rp [C=C]1.0.  
Generalizing the proportionality gives Rp [SH]x[C=C]y, where x and y range from 0 to 1.0 and 
! 
"
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the overall reaction rate remains first order.  Looking first at the set of allyl-functionalized 
siloxanes polymerized with the same thiol oligomer (1:1 SH:DP), small differences in 
polymerization rates are noted.  Moreover, neither chain transfer nor propagation is limiting in 
these systems.  The oligomers with the higher phenyl content  (5:4:1 and 5:3:2 C=C:DP:DO) 
exhibit a slightly greater dependence on allyl concentration, while the oligomer with the fewest 
phenyl repeats per chain (5:2:3 C=C:DP:DO) displays  a stronger dependence on thiol 
concentration.  Consequently, the reaction mixtures are expected to contain disproportionately 
high concentrations of thiyl and carbon-centered radicals, respectively, on the timescale of 
polymerization. 
 
Table 4.2.  Scaling exponents x and y in the relation Rp [SH]x[C=C]y for all thiol-allyl systems 
evaluated in this study.  Siloxane formulations are presented in terms of their repeat 
compositions of C=C:DP:DO/SH:DP.  Rate determining studies were performed on 45 vol% and 
22.5 vol% thiol-ene solutions in THF for SH:C=C 1:1, 2:1, and 1:2 at each concentration. 
 
System x y 
5:4:1/1:1 0.43 ± 0.04 0.57 ± 0.04 
5:4:1/2:1 0.42 ± 0.07 0.58 ± 0.07 
5:3:2/1:1 0.34 ± 0.01 0.66 ± 0.01 
5:3:2/2:1 0.84 ± 0.03 0.16 ± 0.03 
5:3:2/3:1 0.98 ± 0.01 0.02 ± 0.01 
5:2:3/1:1 0.58 ± 0.07 0.42 ± 0.07 
SiNHC=C/SiSH 0.66 ± 0.03 0.34 ± 0.03 
DAS/HDT 0.92 ± 0.04 0.08 ± 0.04 
 
The impact of chemical environment on reaction processes and the subsequent effect on 
polymerization rate become more apparent for the siloxane formulations in which a single allyl-
functionalized oligomer (5:3:2 C=C:DP:DO) is reacted with the three types of thiol-
functionalized oligomers (SH:DP 3:1, 2:1, and 1:1).  For these systems, dramatic differences in 
the scaling exponents x and y are noted.  In the fastest polymerizing system (1:1 SiSH DP/5:3:2 
! 
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SiNHC=C DP DO), propagation and chain transfer occur at similar rates, though propagation is 
somewhat slower, and thiyl radicals become the dominant species.  However, the remaining two 
systems (2:1 SiSH DP and 3:1 SiSH DP) are chain transfer limited, but the system formulated 
with the 3:1 SiSH DP exhibits a significantly faster polymerization rate than the system 
containing the 2:1 SiSH DP oligomer.   Clearly the thiol-ene reaction rate in functionalized 
siloxane systems follows from the delicate balance of many factors and can be adjusted to favor 
either propagation or chain transfer through minor alterations in the unreacted oligomer 
composition and functionality.  
The termination mechanism in radical polymerizations is generally presumed to occur 
through bimolecular radical termination reactions; however, in crosslinked (meth)acrylate and 
thiol-ene reactive systems, other termination mechanisms, primarily unimolecular termination or 
radical trapping, have been shown to take on prominent roles.16  The classical kinetic equation 
for radically polymerized systems predicts that the polymerization rate scales with the square 
root of the initiation rate, based on the assumption that termination occurs exclusively through 
the combination or disproportionation of two radical species, i.e. bimolecular termination.23  
However, in the event that termination occurs via one of a variety of unimolecular radical 
reactions, Rp becomes directly proportional to Ri.  Therefore, in polymerizations that involve a 
combination of bimolecular and unimolecular termination reactions, the scaling exponent α will 
lie somewhere between 0.5 and 1, and the proximity of α to either terminus is indicative of a 
predominance of that respective termination mode.  While the methods of bimolecular 
termination are readily understood, the causes of unimolecular termination are less clear.  If the 
system under investigation produces a material with topological constraints or with a high Tg, 
then unimolecular termination can be attributed to radical trapping within the vitrified system, 
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such as in the polymerization of highly crosslinked multi(meth)acrylates.25  Likewise, deviations 
from ideality can be noted in systems that generate extensive reaction exotherms, in cases of 
depleted initiator concentration, or in optically thick photoinitiated systems.16 
In optically thin systems the photoinitiation rate (Ri) is directly proportional to the 
incident irradiation intensity.23  Therefore, the experimental siloxane systems were mixed in 1:1 
stoichiometric ratios and exposed to systematically increasing light intensities (1 mW/cm2, 3 
mW/cm2, 10 mW/cm2, and 30 mW/cm2), forming thin films.  When scaled to the appropriate 
exponent (α), the resulting conversion versus the intensity-scaled time data produce overlying 
curves such that Rp can be written as a function of 
! 
R
i
" , or Rp  
! 
R
i
" .  In these studies the 
numerical value of α was calculated as the slope of log(Rp) versus log(Io x [PI]), where Io 
represents the incident irradiation and [PI] represents the initial concentration of photoinitiator.  
The validity of this scaling methodology has been established previously.16  Results for the three 
types of ene-functionalized oligomers (acrylate, vinyl, and allyl) synthesized in 5:4:1 
C=C:DP:DO ratios are presented in Figure 4.5.  All systems were photopolymerized with the 2:1 
SiSH DP oligomer.  The ability of the scaling methodology to relate the initiation rate with the 
polymerization rate is illustrated by a single representative formulation (5:4:1 SiNHC=C DP 
DO/2:1 SiSH DP ) in Figure 4.6.  When the raw data is scaled to the experimental exponent (α) 
rather than the classical ½ associated with bimolecular termination, the conversion values for all 
light intensities collapse into a single curve. 
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Figure 4.5.  A representative plot of the methodology for experimentally determining α 
presented for the three types of ene-functionalized oligomers (allyl, vinyl, and acrylate).  Each α 
value was calculated from the slope of log(Rp) versus log(Io x [PI]). 
 
Table 4.3.  Scaling exponents (α) in the relation Rp  for all thiol-ene systems evaluated in 
this study.  Siloxane formulations are presented in terms of their repeat compositions of  
C=C:DP:DO/SH:DP. 
 
System α  
5:4:1 (Allyl)/2:1 0.98 ± 0.06 
5:4:1 (Allyl)/2:1 (N2 purged) 0.93 ± 0.04 
5:4:1 (Allyl)/2:1 (at 50 °C) 0.90 ± 0.11 
5:4:1 (Allyl)/SiSH 0.89 ± 0.01 
SiNHC=C/2:1 0.92 ± 0.09 
SiNHC=C/SiSH 0.88 ± 0.08 
5:4:1 (Acrylate)/2:1 0.82 ± 0.05 
5:4:1 (Vinyl)/2:1 0.95 ± 0.05 
DAS/HDT 0.67 ± 0.04 
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Figure 4.6.  Conversion versus time plot for the 5:4:1 SiNHC=C DP DO/2:1 SiSH DP system 
formulated with 0.5 wt% IR 184. a) The raw conversion as a function of time is presented.  
Additionally, the raw data scaled under the steady-state approximation, b) Rp Ri0.5 and under the 
experimentally determined value, c) Rp Ri0.98.  Data is reported as the mean ± standard 
deviation.  For clarity, not all data points are shown. 
 
In this study, the scaling exponent for all three oligomeric ene systems indicated a 
predominance of unimolecular termination.  The individual scaling exponents are given in Table 
4.3.  Clearly, unimolecular termination is dominating these polymerizations to an extent that has 
not been previously observed for any other thiol-ene system with the exception of vinyl ethers 
with mercaptopropionates.16  Since all three systems produce rubbery, elastomeric networks, the 
mode of termination cannot be attributed to radical trapping associated with network 
vitrification.  The absence of trapped radicals following irradiation was confirmed 
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experimentally by heating traditional (HDT/DAS) and siloxane (5:4:1 Allyl:DP:DO/2:1 SH:DP) 
systems to 85 °C after 80% conversion was attained.  As a control, the photoinitiated samples 
were left overnight before heating to 85 °C.  In both scenarios, the temperature rise produced less 
than 5% additional conversion, implying that few trapped radicals persist for long periods in the 
dark. Moreover, the low concentration of functional groups, inclusion of excess photoinitiator, 
and use of thin films eliminate many of the experimental causes of non-ideality discussed above.  
The potential for radical scavenging by molecular oxygen leading to peroxy radicals becoming 
trapped within the crosslinked network was further excluded by evaluating the allyl-
functionalized system under nitrogen purge.  Even when oxygen is flushed from the oligomer 
formulation, the α value remains near 1.0.  This finding deviates from the results of Wijas and 
Chojnowski, as they noted a drop in α from 1.0 to 0.5 upon elimination of molecular  
oxygen.21  However, their systems contained a much lower degree of ene functionalization such 
that the crosslink density upon gelation dampened oxygen diffusivity to a smaller degree making 
their systems more susceptible to the effects of oxygen inhibition.  Furthermore, the systems 
employed by Wijas and Chojnowski demonstrated autoacceleration, indicating that peroxy 
radical scavenging could indeed inhibit bimolecular termination. 
Inflexibilities within nonreactive sections of the siloxane oligomers (i.e., the diphenyl 
regions) were recognized as possible sources of radical trapping through either limited 
translational diffusion or thiyl radical stabilization.26 If either of these instances was the source of  
the observed unimolecular termination, the use of their monomeric equivalents should, in theory, 
lead to more conventional bimolecular termination.  Therefore, the SiSH DP and SiNHC=C DP 
DO oligomers were systematically evaluated in combinations with their monomer equivalents of 
SiSH and SiNHC=C, respectively.  The chemical structures of these monomeric versions of the 
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oligomers are shown in Figure 4.7.  Though none of the combinations resulted in pure 
bimolecular termination, the greatest decrease in α was seen when both oligomers were replaced 
with monofunctional species (α = 0.88 ± 0.08), a value still indicative of unimolecular 
termination. 
 
 
Figure 4.7.  Chemical structures of the monomeric silane species (SiSH and SiNHC=C) and the 
traditional counterparts (HDT and DAS). 
 
A substantial difference in the scaling values between the siloxane systems (0.98 ± 0.06 
and 0.88 ± 0.08 for oligomers and monomers, respectively) and a traditional system (0.67 ± 0.04) 
had been recognized.  Thus the rate-limiting step in the thiol-allyl oligomeric system (2:1 SiSH 
DP/5:4:1 SiNHC=C DP DO), as well as in the monomer system (SiSH/SiNHC=C) and the 
traditional system (HDT/DAS, Figure 4.7), were evaluated to identify the dominant radical 
center within the polymerizing systems.  The siloxane oligomeric system showsnearly equivalent 
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propagation and chain transfer kinetic constants (x = 0.42, y = 0.58), while the monomeric silane 
system and traditional system are chain transfer limited, though the traditional system to a much 
greater extent than the silane system.  Consequently, the traditional system exhibits a build up of 
carbon-centered radicals relative to thiyl radicals present during the reaction.  If strong 
electrostatic repulsion between carbon-centered radicals was responsible for the observed 
unimolecular termination mode observed in the siloxane systems, then the traditional system 
should also have expressed an α value very near unity.  However, this was not the case; the 
α value for the traditional system was closer to 0.5 than any other system tested.  Still, the 
experimental value of 0.67 may be attributed to a slight partial positive charge on the carbon-
based radical from the neighboring electron withdrawing carbonyl. 
 Nevertheless, the differences between the reaction mechanisms of the silicon-based 
systems and the traditional system with similar reactive groups gives further insight to the 
location of radicals during the reactive process.  In the silane monomers, radical centers are 
primarily carbon-based but are not in great excess to thiyl radicals.  Conversely, for the oligomer 
system, slightly more thiyl radicals exist relative to carbon-centered radicals.  Furthermore, when 
polymerized at elevated temperatures, the α value for the oligomer system decreases negligibly 
(0.90 ± 0.11), indicating a physical separation of radicals rather than a reaction barrier between 
radicals that would prevent bimolecular termination.  However, the nonpolar environment 
established by the siloxane backbone may provide sufficient charge shielding for the electrostatic 
repulsion between thiyl-thiyl, carbon-carbon, and carbon-thiyl radical pairs to prevent 
bimolecular termination from occurring on the timescale of the polymerization.  The traditional 
system, on the other hand, includes somewhat more polar structures, which may facilitate radical 
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combination and the lower observed scaling value.  Still, no experimental evidence yet exists to 
support such a claim directly. 
 
4.5 Conclusions 
The thiol-ene functionalized oligosiloxanes investigated in this study displayed reaction 
kinetics that were highly dependent on the chemical environment established by the nonreactive 
repeat moieties.  Moreover, the trends in reaction rate failed to follow traditional theory, and 
were instead governed largely by the differences in rate-limiting reaction steps among various 
systems.  When formulations demonstrated nearly equivalent propagation and chain transfer 
reaction steps, the trend in rate of polymerization followed directly with the initial functional 
group concentration, and only small differences in rate were noted.  However, when systems 
displayed a clear rate-limiting step, the differences in rate of polymerization expanded. 
Although the thiol-ene functionalized siloxanes used in this study possessed much higher 
viscosities than traditional systems with corresponding reactive groups, they failed to exhibit 
autoacceleration upon photopolymerization.  Further examination of the thiol-ene termination 
mechanism in these systems revealed that the siloxane systems do not undergo autoacceleration 
because they do not participate in bimolecular termination events.  However, their participation 
in unimolecular termination was found not to be a consequence of peroxy radical scavenging, 
translational diffusion limitations, or low radical reactivity. 
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CHAPTER V 
 
 
REDOX INITIATION OF BULK THIOL-ENE POLYMERIZATIONS 
 
 
5.1 Abstract 
The unique formation-structure-property attributes and reaction behavior of the thiol-ene 
“click” reaction have been explored extensively for photochemically and thermally initiated 
reactions but have been much less explored for redox initiation.  Therefore, the objective of this 
work is to characterize fully the impact of the initiation system, monomer structure, degree of 
functionalization, and inhibitor level on the redox-mediated thiol-ene polymerization rate and 
behavior.  Moreover, this study confirms the ability of redox initiation to achieve full conversion 
of desired thiol-ene “click” products for small molecules in solution.  For the multifunctional 
thiol-ene systems, polymerization rate was shown to be comparable to photo- and thermally 
initiated systems, but with the additional advantages of unlimited depth of cure and mild reaction 
conditions.  Additionally, the network properties of the redox-initiated thiol-ene systems were on 
par with a photocured material formulated with identical monomers and radical initiating 
potential.  Lastly, control over the polymerization rate and preceding induction period was 
garnered from the concentration of inhibitor included in the reaction mixture.  The mechanism of 
action of quinone inhibition in redox-mediated thiol-ene polymerizations is shown to depend on 
both the presence of an aniline reducing agent and the concentration of inhibitor, with quinone 
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concentrations in great excess of oxidizing agent concentrations actually leading to heightened 
polymerization rates when aniline is present. 
 
5.2 Introduction 
 Thiol-ene “click” reactions are well documented with respect to their orthogonality, rapid 
polymerization rates, and amenability to various modes of initiation.1-3  The addition of thiols to 
activated olefins, for example, is readily achieved in the presence of a nucleophilic or a basic 
catalyst with negligible side reactions taking place and quantifiable conversions being attained.4  
The thiol-ene reaction is also highly amenable to radical-mediated polymerizations, which 
aremost frequently initiated by photochemical and thermal methodologies.5, 6  The unique 
reaction behavior and polymer network formation-structure-property attributes achieved in 
radical-mediated thiol-ene reactions have prompted its thorough investigation with respect to 
thiol and ene structures and the impact each has on the observed polymerization rate.7-9  
Specifically, the thiol-ene polymerization proceeds through an alternating combination of 
propagation and chain transfer reactions wherein a thiyl radical propagates through a carbon-
carbon double bond, generating a carbon-centered radical that abstracts a hydrogen from a thiol 
to regenerate a thiyl radical (Figure 5.1).  In polymerizing systems, such behavior delays the 
gelation of multifunctional monomer systems, which reduces polymerization induced shrinkage 
and shrinkage stress.10, 11  Accordingly, thiol-ene polymerizations are often used to produce 
coatings,12 microfluidic devices,13 optical lenses,14 dental materials,15 and holographic diffractive 
materials,16 among others. 
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Figure 5.1.  Thiol-Ene Reaction Mechanism.  The thiol-ene polymerization proceeds through a 
cyclic step growth mechanism consisting of alternating propagation/chain transfer steps 
following initiation and prior to termination.  The reaction mechanism assumes ideal conditions 
in which the alternating steps proceed at the same overall rate. 
 
While the current modes of initiating thiol-ene polymerizations and other thiol-ene 
reactions have numerous apparent advantages, including, for example, the spatial and temporal 
control afforded by photopolymerizations, each mechanism also has its associated limitations.  
The breadth of suitable applications for photochemically and thermally initiated thiol-ene 
reactions is restricted by their respective capacities to transmit light (or heat) uniformly in 
opaque systems and withstand the elevated temperatures necessary to produce primary radical 
species in thermal systems.  In the case of photoinitiation, sample geometry and formulation 
contents must be carefully considered, as optically thick samples, strongly absorbing initiators, 
and the presence of dyes and/or pigments will create gradients in light intensity and negatively 
impact network properties, even preventing reaction at the bottom of thick films.5  For 
functionalization reactions and small molecule production, the need to expose a large volume of 
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reactants to a uniform light intensity can prove impossible, despite attempts to mitigate the non-
uniformity with high degrees of mixing.  Thermally initiated systems, on the other hand, demand 
elevated temperatures that for some substrates and circumstances make them unsuitable for 
biomedical applications or employ initiators that generate gaseous by-products that can 
compromise the mechanical integrity of the polymerized system.  In particular, the standard 
operation range of a widely used azo initiator, 2,2’-azobisisobutyronitrile (AIBN), is 50-70 °C, 
and its thermal decomposition results in the evolution of nitrogen gas.17 Clearly, the use of a 
thermal initiator eliminates the possibility for conducting the reaction at ambient conditions that 
are desirable for many implementations of this click reaction. 
 In contrast to the thermal and photochemical initiation of thiol-ene reactions, little work 
has been done to initiate these reactions with traditional redox radical initiation systems.18, 19  
Radical-mediated redox polymerizationswould eliminate the compulsory concern for the 
electronegativity of the ene moiety, problems associated with the sample geometry and 
pigmentation, and any problems associated with elevated temperatures.  Historically, Fenton’s 
chemistry has been utilized for the production of hydroxyl radicals capable of initiating 
polymerization.  Although the ferrous iron is the traditional reducing agent, other transition 
metals, namely Cr2+, V2+, Co2+, and Cu+, have also been employed.17, 20  Likewise, ferrous iron 
may serve as the reductant for various types of organic peroxides in lieu of hydrogen 
peroxide.17,20  More recently, enzyme-mediated approaches to Fenton’s chemistry have been 
used to develop signal amplification techniques for biorecognition, as well as to produce 
multilayered poly(ethylene glycol) (PEG) hydrogels and immunoactive barriers.21-23  Still, the 
use of an enzymatic approach necessitates tight control of medium acidity to optimize enzyme 
activity and generally requires that the polymerization be conducted in an aqueous environment.  
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Specifically, the glucose oxidase mediated reaction is optimized when performed at a pH of 5.5 
and requires the substrate β-D-glucose in addition to a suitable reductant (i.e., Fe2+) to generate 
the primary hydroxyl radical.24, 25 Though the immobilization of glucose oxidase may enhance its 
stability, the enzyme must maintain a favorable conformation for its active site to be effective, 
and the presence of organic solvents or neat monomer may counteract this occurrence.26, 27 
 Still, neat redox-initiated reactions have been conducted in both the industrial and 
biological arenas through the combination of an organic peroxide with a tertiary amine.  In 
particular, the benzoyl peroxide (BPO) and N,N-dimethyl-p-toluidine (DMT) redox pair has been 
used for decades to initiate the free radical polymerization of methacrylate monomers in bone 
cements and dental resins.28, 29  More recently, the same redox pair has been applied to the 
fabrication of microfluidic chips and hydrogels, again through the network formation of 
multifunctional methacrylate monomers.30, 31  In contrast, little work has been conducted on the 
use of BPO/DMT or similar redox initiating systems in neat thiol-ene formulations despite the 
abundant advantages of thiol-ene copolymerizations over methacrylate homopolymerizations.  
Thiol-ene reactions are appropriate for numerous small molecule and functionalization 
reactions,32, 33 and thiol-ene polymerizations have lower volumetric shrinkage and shrinkage 
stress, are not susceptible to oxygen inhibition, and proceed at a faster overall polymerization 
rate than their (meth)acrylate counterparts.10, 34  Thus, the primary objective of this work is to 
evaluate the initiation potential of BPO/DMT in bulk thiol-ene reactions and polymerizations. 
 Herein, the effects of the initiation mode on the observed reaction rate and polymer 
network properties are evaluated.  Three traditional thiol monomers of varying electrophicity and 
degree of functionalization were reacted with a single ene-functionalized monomer to 
demonstrate the general value of this approach, and the polymerization rates were monitored via 
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real-time FTIR for varying redox initiation conditions and concentrations.  A multifunctional 
thiol was then used to prepare crosslinked networks using both redox and photopolymerization 
techniques, and the thermomechanical properties of each network were measured.  Additionally, 
the nucleophilicity of the tertiary amine was varied, and the subsequent impact on 
polymerization rate determined.  The role of quinone inhibition on the thiol-ene polymerization 
was also investigated by gradually increasing the molar fraction of inhibitor relative to BPO in a 
single thiol-ene formulation.  Finally, a redox-mediated thiol-ene substitution reaction in small 
molecules was evaluated for its potential advantages in a variety of other reaction schemes in 
which thiol-ene reactions have been used such as polymer substitution, surface modification and 
bioconjugation. 
 
5.3 Experimental Section 
5.3.1 Materials 
Pentaerythritol tetra-3-mercaptopropionate (PETMP) and glycol di-3-mercaptopropionate 
(EGDMP) were purchased from Evans Chemetics (Teaneck, NJ).  1,6-hexane dithiol (HDT, 
≥97%), diallyl succinate (DAS), N,N-dimethyl-p-toluidine (DMT, ≥98.5%), N,N-bis(2-
hydroxyethyl)-p-toluidine (DHEPT, ≥97%), benzoyl peroxide (BPO, ≥97%), 4-vinylpyridine (95 
%) and monomethyl ether hydroquinone (MEHQ, ≥98%) were purchased from Sigma Aldrich 
(St. Louis, MO).  Irgacure 184 (1-hydroxy-cyclohexyl-phenyl-ketone) was purchased from Ciba 
Specialty Chemicals.  3-mercaptopropyl(methyl) trimethoxy silane (95%) was purchased from 
Gelest, Inc (Morrisville, PA).  All products were used without further purification, and the 
structures of all monomers used in this study are shown in Figure 5.2.  Additionally, the 
structures of initiators and inhibitor are shown in Figure 5.2. 
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Figure 5.2.  The materials discussed in this chapter: Monomers (PETMP, EGDMP, HDT, DAS), 
initiators (BPO, DMT, DHEPT), and inhibitor (MEHQ). 
 
5.2.2 Characterization 
Polymerization conversion studies were performed on formulated thiol-ene mixtures in 
the near IR (Nicolet Magna-IR 750 series II FTIR spectrometer).  Sample holders were formed 
from two glass slides (Corning, 0215 Glass, 0.96-1.06 mm thick) separated by a 130 µm plastic 
spacer.  Conversions of thiol (2570 cm-1, S-H stretch) and allyl (4490 cm-1, C=C stretch) 
functionalities were monitored in real-time at a collection rate of 5 spectra every 2 seconds and a 
resolution of 2 cm-1.  The standard delay between the completion of sample preparation and the 
start of FTIR spectra collection was 2.5 min.  All experiments were performed in triplicate. 
Dynamic mechanical analysis (DMA) was performed in tension on samples formed by both 
redox and photoinitiation using a TA Instruments Q800 DMA scanning at 1 °C/min from -40°C 
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to 40°C at a frequency of 1 Hz and a strain maximum of 0.1%.  The crosslink density was 
estimated from the elastic modulus (E’) in the rubbery regime according to rubber elasticity 
theory.35  The glass transition temperature (Tg) was defined as the temperature corresponding to 
the maximum in the tan δ curve.  Average sample thickness was 300 µm.  Photopolymerized 
specimens were irradiated with a high-pressure mercury vapor short arc lamp (EXFO Acticure 
4000) equipped with a 365 nm narrow bandpass filter.  Light intensity was measured with a 
radiometer equipped with a GaAsP detector (International Light IL1400A, model SEL005), a 
wide bandpass filter (WBS320), and a quartz diffuser (model W). 
 
5.4 Results and Discussion 
 The radical generation mechanism of the BPO/DMT redox system has been well 
documented by Pryor and Hendrikson to proceed through the formation of a complex 
intermediate that produces an amine radical cation, a benzoylate anion, and a benzoyloxy radical 
(Figure 5.3).36  Although the benzoyloxy radical is the dominant initiating species, Sato et al. 
have since demonstrated that the amine radical cation may undergo chain transfer with the 
benzoylate anion to generate an aminomethyl radical capable of initiating polymerization (Figure 
5.3).37  The presence of electron-donating substituents on the aniline has further been shown to 
increase the efficiency of the BPO/amine system.17, 38  Therefore, of the reducing agents 
employed in this study, formulations containing DHEPT versus DMT would be expected to 
proceed at more rapid polymerization rates.  This tendency is confirmed in Figure 5.4.  When the 
EGDMP/DAS system is initiated with 0.1 wt% BPO and an equimolar amount of either DHEPT 
or DMT, the DHEPT system reaches complete conversion in a shorter timeframe. 
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Figure 5.3.  Benzoyl Peroxide/Dimethyl-p-toluidine Initiation Mechanism. 
 
 
Figure 5.4.  Conversion versus time of EGDMP/DAS initiated with three different reducing 
agents (DMT, DHEPT, EGDMP).  All samples were formulated with 0.1 wt% BPO 
([BPO]:[Reductant] 1:1) and [BPO]:[MEHQ] of 4:1.  Samples were evaluated in triplicate.  For 
clarity, not all data points are included. 
 
Also shown in Figure 5.4 is the ability of the thiol functional group in EGDMP to act as 
the sole reducing agent.  Although using only the thiol monomer results in the longest induction 
period, it has minimal effect on the initial polymerization rate as compared to the DMT initiated 
system.  Such a phenomenon may stem from the natural chain transfer tendency of thiols.  Each 
of the systems presented in Figure 1 was formulated with an inhibitor (MEHQ) at a 4:1 
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[BPO]:[MEHQ] ratio.  The mechanism of MEHQ inhibition (Figure 5.5) proceeds through the 
scavenging of primary benzoyloxy radicals, peroxy radicals, or propagating radicals within the 
reacting system to form an oxygen-centered MEHQ radical.  These radical species then undergo 
bimolecular termination, which reduces the quantity of initiating radicals and, therefore, 
lengthens the induction period and slows the polymerization rate.  However, with the thiol 
monomer acting as the reducing agent, no aminomethyl radicals are formed, which, in turn, 
increases the likelihood of the MEHQ radicals undergoing a chain transfer event with a thiol 
rather than a termination event with a second radical in solution.  Consequently, a longer 
induction period is observed, as the thiol monomer is a less efficient reducing agent than either 
of the amine species and benzoyloxy radicals are produced at a slower rate, but the rate of 
polymerization is minimally impacted since a higher concentration of primary radicals remains 
to initiate polymerization. 
 
 
Figure 5.5.  Monomethylether hydroquinone (MEHQ) Inhibition Mechanism. 
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 A second factor impacting both the polymerization rate and final conversion is the 
chemical structure of the thiol monomer.  Traditionally, electron-withdrawing substituents 
increase the reaction rate, as they reduce the electrophilic tendencies of the thiyl radicals and 
drive propagation through surrounding vinyl monomers.  Additionally, the degree of 
functionalization of the thiol monomer can dramatically impact the rate of polymerization with 
more highly functional thiols generally more reactive than lower functionality thiols.  In 
particular, the use of multifunctional monomer species lead to network formation, and as the 
system transitions from a liquid to a gelled state, radical diffusion becomes limited by viscosity 
effects, and the dominant form of radical movement transitions from translational diffusion 
through the reaction medium to propagation through a neighboring vinyl monomer.  Still, 
multifunctional thiol or ene monomers with rigid structures may lead to the formation of a glassy 
network.  In such cases, radicals can become trapped within the network as it vitrifies, thereby 
lowering the final degree of polymerization or reaction yield for small molecules. 
 The systems used in this study all employed the same diallyl monomer as their vinyl 
component but varied in the structure of the thiol component that was used.  Specifically, alkyl 
and propionate functionalities were evaluated.  Since the propionate moiety offers a much higher 
electron-withdrawing effect than the six-carbon chain, it was expected to display a much greater 
polymerization rate under identical reaction conditions.  In order to investigate the impact of 
radical mediated redox polymerization on thiol-ene networks, a multifunctional thiol propionate 
was also tested.  As discussed previously, the rate of polymerization is expected to increase with 
functionalization, and these expected trends are realized in Figure 5.6.  When the three systems 
are loaded with 0.2 wt% of BPO ([BPO]:[DMT] of 1:1), both propionate systems exhibit 
significantly faster rates of polymerization than the alkyl system, despite their higher 
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concentrations of MEHQ.  The PETMP/DAS and EGDMP/DAS formulations required a 25 
mol% inhibition of BPO (i.e., [BPO]:[MEHQ] of 4:1) just to delay the reaction start so that it did 
not proceed significantly prior to FTIR collection, whereas the HDT/DAS formulation contained 
a much lower fraction of inhibitor ([BPO]:[MEHQ] of 10:1). 
 
 
Figure 5.6.  Conversion versus time plots of the three thiol-ene systems evaluated in this study.  
All samples were formulated with 0.2 wt% BPO and 1:1 [BPO]:[DMT].  The PETMP and 
EGDMP samples contained 4:1 [BPO]:[MEHQ] and the HDT samples contained 10:1 
[BPO]:[MEHQ].  All experiments were conducted in triplicate.  For clarity, not all data points 
are shown. 
 
Polymerization rates also follow the expected trend with respect to the degree of 
functionalization; polymerization rate for the tetrafunctional propionate thiol is greater than that 
of the difunctional propionate.  Closer examination of the conversion versus time plot for the 
PETMP/DAS system (Figure 5.7) further reveals that the network formation leads to an increase 
in polymerization rate with rising fractional conversion (i.e., the system exhibits classical 
autoacceleration behavior that arises because of diffusion limited termination in radical 
polymerizations).17  Moreover, a comparison of redox and photoinitiated PETMP/DAS systems 
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formulated with an equivalent primary radical potential and sample thicknesses (300 µm) 
exhibited similar trends in initial conversion versus time slopes.  Obviously, the tendency to 
undergo autoacceleration must be attributed to both the initiation and polymerization 
mechanismss.  However, the equilibration in reaction conditions did not result in equivalent rates 
of polymerization or final conversions.  The redox-initiated system clearly displayed a faster rate 
of polymerization, but this occurrence is easily justified by the low light intensity (1.0 mW/cm2) 
used to form the photoinitiated networks and would readily be reversed at high light intensities.  
Still, the photoinitiated system proceeded to a higher extent of reaction. 
 
 
Figure 5.7.  Conversion versus time plot of the PETMP/DAS system polymerized by two 
initiation mechanisms, redox and photo.  The redox samples were formulated with 0.2 wt% BPO, 
1:1 [BPO]:[DMT], and 4:1 [BPO]:[MEHQ].  The photo samples contained 0.08 wt% IR184 and 
were irradiated for 10 min with 1.00 mW/cm2 UV light (365 nm).  Sample thickness was 300 µm 
for both initiation mechanisms. 
 
 The presence of a high level of inhibitor in the PETMP/DAS redox formulation may have 
played a role in limiting the reaction.  As discussed previously, MEHQ can act as a chain transfer 
agent, particularly from peroxy radicals formed from the combination of molecular oxygen with 
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carbon-centered radicals.  The oxygen-centered radical on MEHQ can then reposition itself into 
tertiary radical capable of terminating other radicals within the reaction medium, thereby 
reducing the number of radicals available for initiation and/or propagation (Figure 5.5).39  When 
the inhibitor was completely removed from the formulation, the induction period was reduced 
such that the reaction kinetics could not be monitored in real-time, and the final conversion at 10 
min increased noticeably (from 83% to 90%) but remained below the final conversion of the 
photocured samples (97%). 
The differences between the redox and photoinitiated PETMP/DAS networks are further 
illustrated through minor differences that arise in their thermomechanical properties (Table 5.1).  
The redox-initiated systems produced a lower rubbery modulus, which is a consequence of their 
lower extents of reaction and subsequently lower crosslink densities.  The redox system 
formulated with an inhibitor displayed a 35% reduction in crosslink density, while the neat redox 
system showed only a 26% reduction from the photoinitiated formulation.  Similarly the glass 
transition temperature in the redox systems is lower than the photo system by 4 K regardless of 
inhibition level.  The glass transition is also directly related to crosslink density and the 
associated mobility reduction; thus, the reduced reaction extent leads to the redox-initiated 
system having a lower network property than for the photoinitiated samples.  Even though the 
redox system without inhibitor reached a higher extent of reaction than the system with inhibitor, 
both systems were less reacted than the photopolymerized system after 10 min.  The lower 
fractional conversion in the uninhibited system may stem from limited working time preventing 
uniform, ideal films from being made. 
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Table 5.1  Thermomechanical values (avg ± st. dev) for the PETMP/DAS system polymerized 
by redox and photoinitiation.  Average sample thickness was 300 µm.  DMA testing was 
performed in triplicate. 
 
Initiation Mechanism E’ (MPa) at 25 °C Tg (°C)  
as max tanδ  
Final Conversion 
Light 7.2 ± 2 -13 ± 1 97 ± 1 
Redox (with MEHQ) 5.5 ± 1 -17 ± 2 83 ± 4 
Redox (no MEHQ) 6.3 ± 0 -17 ± 0 90 ± 2 
 
 
Figure 5.8.  Conversion versus time plots for the a) EGDMP/DAS system and the b) HDT/DAS 
system polymerized via redox initiation at 4 BPO concentrations. a) EGDMP/DAS formulated 
with 0.05 wt%, 0.075 wt%, 0.1 wt%, and 0.2 wt% of BPO and 1:1 [BPO]:[DMT].  The 0.05 wt% 
and 0.075 wt% samples contained 10:1 [BPO]:[MEHQ], while the 0.1 wt% and 0.2 wt% samples 
contained 4:1 [BPO]:[MEHQ]. b) HDT/DAS formulated with 0.1 wt%, 0.2 wt%, 0.3 wt%, and 
0.4 wt% BPO, 1:1 [BPO]:[DMT], and 10:1 [BPO]:[MEHQ]. 
 
Beyond the comparison of a single thiol-ene formulation polymerized via redox and 
photoinitiation mechanisms, a thorough investigation of the effect of BPO concentration on the 
polymerization rate in two different thiol-ene formulations was conducted.  The first sytstem 
utilized the alkyl dithiol, HDT, while the second system contained the propionate dithiol, 
EGDMP.  Both systems were copolymerized with a diallyl monomer (DAS).  As noted 
previously in Figure 5.6, the propionate system reacts much faster than the alkyl system at 
identical BPO levels, and this trend persists when the concentration of BPO is systematically 
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varied within the two systems (Figures 5.8a and 5.8b).  The nucleophicity inherent to the 
EGDMP monomer leads to a thiol that acts as both a better reducing agent and as a superior 
chain transfer agent.  Consequently, the perpetually faster rates of polymerization in the 
propionate system achieved by redox initiation, as well as by traditional photoinitiation, are of 
little surprise.3 
The ability of the thiol in the propionate monomer to serve as an efficient reducing agent 
in conjunction with the aniline (DMT) that is added in equal molar amounts relative to the BPO, 
allows the EGDMP/DAS system to reach a threshold concentration of primary radicals at a much 
lower BPO fraction relative to the HDT/DAS system.  The EGDMP/DAS formulation ramps 
from moderate to rapid rates of polymerization between 0.075 wt% and 0.1 wt% BPO.  The 
adiabatic temperature rise associated with the thiol-ene reaction is estimated to be 122 K 
(assuming ΔHrxn equals 250 mJ/mg)40 and a temperature rise associated with more rapid 
initiation and limited time for heat transfer is likely responsible for the demonstrated sensitivity 
of the polymerization rate on redox system concentration.  It is possible that the redox system is 
undergoing side reactions that extinguish primary radicals, e.g., by inhibitors intentionally added 
or otherwise present, to such a degree that adequate initiating species for rapid polymerization 
rates are only seen at high initial loads.  This facet was recognized in the PETMP/DAS network 
forming system, as well; even in the absence of inhibitor, full monomer conversion was not seen.  
Furthermore, the jump in polymerization rate required additional primary radical inhibition to 
enable the entire polymerization to be captured in real-time by FTIR.  At the lower end (≤ 0.075 
wt% BPO), the [BPO]:[MEHQ] was 10:1, but was decreased to 4:1 at the higher end (≥ 0.1 
wt%).  Alternatively, the HDT/DAS system did not achieve the more rapid rates of 
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polymerization until the 0.3 wt% BPO level, and even at the highest BPO concentration, the 10:1 
[BPO]:[MEHQ] ratio gave a sufficient induction period for complete FTIR evaluation. 
The need for a higher degree of BPO inhibition with increasing polymerization rate lead 
to further investigations of the impact of MEHQ on the thiol-ene polymerization mechanism, the 
results of which are shown in Figure 5.9.  When the EGDMP/DAS system was formulated with 
0.1 wt% of BPO, the [BPO]:[MEHQ] ratio was varied through an excess of each terminus (i.e., 
from [BPO]:[MEHQ] ratios of 4:1 to 1:2).  The increase in MEHQ concentration from 25 mol% 
to 50 mol% of the formulation BPO concentration provided a longer induction period and 
slightly reduced the initial rate of polymerization; however, when doubling the [MEHQ] a 
second time such that equal molar quantities of MEHQ and BPO were present, a significant 
reduction in initial polymerization rate is seen.  Interestingly, though, as the molar fraction of 
MEHQ exceeds that of BPO, the polymerization rate actually begins to rise, and the fastest 
polymerization rate for the EGDMP/DAS samples occurs when the ratio of [BPO]:[MEHQ] is 
1:2. 
 
Figure 5.9.  Conversion versus time for the EGDMP/DAS system formulated with varying 
concentrations of MEHQ relative to the 0.1 wt% BPO and 1:1 [BPO]:[DMT].  Five 
[BPO]:[MEHQ] levels were used (4:1, 2:1, 1:1, 2:3, and 1:2). 
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 The rise in rate of polymerization with excess [MEHQ]:[BPO] quantities lead to the 
investigation of MEHQ-centered radicals as an initiating species in thiol-ene redox reactions.  
With increasing amounts of MEHQ relative to BPO, the propensity of the MEHQ radicals to 
undergo chain transfer with thiols or directly initiate polymerization may outweigh their 
propensity to undergo bimolecular termination.  As a result, the rate of polymerization proceeds 
as though a higher initial fraction of initiator (i.e., BPO) were included in the reaction mixture.  
The validity of this claim is realized in Figures 5.10 and 5.11.  In the absence of an oxidizing 
agent, negligible polymerization is seen; however, minimal but measurable conversion is noted 
when the amine reducing agent is also removed (Figure 5.10).  Likely the amine merely serves as 
a termination point for MEHQ-centered radicals, such that in its absence, chain transfer events 
with thiols predominate, and polymerization can proceed. 
 
 
Figure 5.10.  Conversion versus time of the EGDMP/DAS system formulated with varying 
initiating species and inhibitor fractions.  First, the combination of DMT and MEHQ 
([DMT]:[MEHQ] 1:2), using only MEHQ (0.1 wt%), using BPO and MEHQ ([BPO]:[MEHQ] 
4:1 and 1:2), using only BPO (0.1 wt%), and using all three species ([BPO]:[DMT] 1:1, 
[BPO]:[MEHQ] 1:2). 
 
Time (min)
0 2 4 6 8 10
Fr
ac
tio
na
l C
on
ve
rs
io
n
0
0.2
0.4
0.6
0.8
1
Redox Components
BPO, 1:2 BPO:MEHQ
MEHQ only
BPO, 4:1 BPO:MEHQ
BPO only
DMT only
BPO, DMT, 1:2 BPO:MEHQ
83 
 
As indicated in Figure 5.10, the inclusion of an oxidizing agent with three different 
MEHQ fractions produces a significant rise in the polymerization rate.  Still, when no amine is 
present, the lowered efficiency in benzoyloxy radical production by the thiol monomer leads to 
an inverse correlation between [MEHQ] and the rate of polymerization.  However, the system 
formulated with a large excess of MEHQ () shows continued polymerization after ten minutes, 
whereas the system with an excess of BPO () reaches a plateau in fractional conversion.  Thus, 
the MEHQ radical species may be participating in chain transfer events with thiol monomers 
rather than just acting in termination, such that radicals are remaining active but are effectively 
delayed for initiation. 
 
 
Figure 5.11.  Conversion versus time for EGDMP/DAS formulated with 0.1 wt% IR 184 and 
three concentrations of MEHQ relative to IR 184 (0 mol%, 25 mol%, and 200 mol%).  All 
systems were irradiated for 10 minutes at an intensity of 1.0 mW/cm2. 
 
When the amine reducing agent is added to the reaction mixture the rate of 
polymerization greatly exceeds that observed without any inhibition.  In such cases, the 
combined rapid production of benzoyloxy radicals with the propensity for excess MEHQ radicals 
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to initiate polymerization directly or chain transfer with thiol monomers overcomes the 
traditional tendency for MEHQ to continually slow reaction rates.  The need for these two 
combined features is further evidenced by Figure 5.11, where light is used to initiate the thiol-
ene polymerization in the presence of varying MEHQ concentrations.  Here, MEHQ acts to slow 
the polymerization rate continuously between low and high concentrations, indicating that 
termination of MEHQ radicals is favored under all these photoinitiated conditions.  Thus, the 
behavior of MEHQ in thiol-ene polymerizations is dependent on concentration and initiation 
mode and only serves as an initiator at excess concentrations in the presence of an oxidizing 
agent. 
 The final component of this study evaluated the use of redox-initiated thiol-ene reactions 
for the coupling/functionalization of small molecules in solution. These model compounds were 
evaluated as a means for determining the suitability of redox initiated thiol-ene reactions for 
coupling reactions as regularly used for polymer conjugation, polymer functionalization, 
dendrimer synthesis, surface modification, biomolecule functionalization, etc.  One complexity 
of those reactions is that the thiol and ene functional group concentrations are often much lower 
than in conventional bulk thiol-ene polymerizations.  Thus, a much higher ratio of initiator to 
thiol (albeit usually a photoinitiator) is often used.  Here, varying initiator to thiol ratios were 
used in the model compound studies to demonstrate that high initiator levels are adverse to the 
click nature of the reaction, particularly when reacting dilute thiol and ene functional groups.  In 
particular, the reaction of thiols with enes was carried out in methanol at two BPO levels, 1:50 
BPO:SH and 1:1 BPO:SH.  Specifically 3-mercaptopropyl trimethoxy silane was reacted with 4-
vinyl pyridine in a 1:1 SH:C=C ratio and the functional group conversion was confirmed by 1H 
NMR.  The distribution of products formed was then determined by mass spectroscopy.  When 
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BPO was truly used as an initiator (i.e., 1:50 BPO:SH), full conversion of the ene and thiol 
moieties was seen, and the intended “click” product (P) was the dominant species formed, 1H 
NMR (400 MHz, MeOD, δ): 8.44 (ddd, J=19.0, 4.6, 1.7, 2H), 7.32 (ddd, J=4.5, 1.6, 0.5, 2H), 
3.55 (d, J=1.0, 9H), 3.35 (t, J=7.9, 2H), 2.85-2.76 (m, 2H), 1.72-1.6 (m, 2H), 0.91-0.68 (m, 2H).  
Still, even at this relatively low initiator concentration, minor fractions of thiol-thiol, vinyl-vinyl, 
and amine-amine bimolecular termination products were observed by mass spectroscopy.  
However, when the radical initiators were mixed in 1:1 molar ratios with the reactants, the 
reaction with the thiol and ene functionalities yielded several small molecules associated with 
termination products, initiator fragment addition and other various side reactions that come into 
play at high ratios of initiator to reactants. 1H NMR (400 MHz, MeOD, δ): 8.47-8.39 (m, 2H), 
8.02-7.94 (m, 5H), 7.58-7.47 (m, 3H), 7.46-7.36 (m, 6H), 7.02-6.92 (m, 2H), 6.78-6.59 (m, 2H), 
6.06 (dd, J=17.6, 0.6, 1H), 5.51 (dd, J=10.9, 0.6, 1H), 3.56-3.42 (m, 9H), 3.31 (s, 3H), 2.80 (d, 
J=1.1, 4H), 3.31 (s, 3H), 2.80 (d, J=1.1, 4H), 2.68-2.61 (m, 2H), 2.55-2.52 (m, 1H), 2.28-2.13 
(m, 4H), 1.80-1.48 (m, 2H), 0.88-0.36 (m, 3H).  Moreover, an abundance of undesirable products 
was formed and in higher fractions than the intended product (P).  Of the major products formed 
were vinyl-vinyl (V), thiol-thiol (T), and vinyl-oxygen (O) terminated species, which were 
observed in a 7:10:11:20 P:V:T:O ratio by mass spectroscopy analysis.  This approach shows 
both the value of the redox initiation approach for thiol-ene click reactions but also demonstrates 
the critical need to always maintain the concentration of the radical source (i.e., the initiator) 
much lower than the concentration of the thiol and ene functional groups. 
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5.5 Conclusions 
 Though bulk redox initated thiol-ene polymerizations have received little exploration, the 
work conducted in this study indicates that it is a viable, highly controllable mode of initiation.  
The polymerization rate is determined by the nucleophicity of the reducing agent as well as the 
thiol monomer, which can serve as the primary reducing agent in the absence of a secondary 
species.  Furthermore, networks formed via redox polymerization display negligible differences 
from their photopolymerized counterparts, yet they can be formed without regard to sample 
thickness or pigmentation.  Small molecule functionalization by the thiol-ene reaction is also 
highly amenable and appropriate by redox-mediated initiation.  As indicated in this study, 
incorporation of trace fractions of a redox pair can lead to full conversion and coupling of 
reactants in solution.  Moreover, the redox-mediated technique could prove invaluable in surface 
functionalization or immobilization of desired species, which are typically conducted in bulk 
aqueous environments. 
The redox-mediated polymerization discussed in this paper has also demonstrated 
features that afford control over the reaction starting point and ensuing rate.  Namely, the amount 
of inhibiting species relative to initiating species can be titrated to provide a designated induction 
period; in the presence of an aniline reducing agent, quinone lengthens the observed induction 
period and lowers the initial rate of polymerization for concentrations at or below that of the 
oxidizing agent.  However, as the concentration of the quinone exceeds the oxidizing agent, the 
rate of polymerization begins to rise and eventually surpass the rate of polymerization seen at 
very low inhibitor fractions.  Still the desired level of inhibition is dictated by the structure of the 
thiol species, with propionate thiols requiring higher fractions of inhibition for induction periods 
equivalent to alkyl thiols with identical initiator loadings. 
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CHAPTER VI 
 
 
THIOL-ENE FUNCTIONALIZED SILOXANES FOR USE AS AN ELASTOMERIC 
DENTAL IMPRESSION MATERIAL 
 
 
6.1 Abstract 
Objectives.  Thiol- and allyl-functionalized siloxane oligomers are synthesized and evaluated for 
use as a radical-mediated, rapid set elastomeric dental impression material.  Thiol-ene siloxane 
formulations are crosslinked using a redox-initiated polymerization scheme, and the mechanical 
properties of the thiol-ene network are manipulated through the incorporation of varying degrees 
of plasticizer and kaolin filler.  Formulations with medium and light body consistencies are 
further evaluated for their ability to accurately replicate features on both the gross and 
microscopic levels.  We hypothesize that thiol-ene functionalized siloxane systems will exhibit 
faster setting times and greater detail reproduction than commercially available 
polyvinylsiloxane (PVS) materials of comparable consistencies. 
Methods.  Thiol-ene functionalized siloxane mixtures formulated with varying levels of redox 
initiators, plasticizer, and kaolin filler are made and evaluated for their polymerization speed 
(FTIR), consistency (ISO4823.9.2), and surface energy (goniometer).  Feature replication is 
evaluated quantitatively by SEM.  The Tg, storage modulus, and creep behavior are determined 
by DMA. 
Results.  Increasing redox initiation rate increases the polymerization rate but at high levels also 
limits working time.  Combining 0.86 wt% oxidizing agent with up to 5 wt% plasticizer gave a 
91 
 
working time of 3 min and a setting time of 2 min.  The selected medium and light body thiol-
ene formulations also achieved greater qualitative detail reproduction than the commercial 
material and reproduced micrometer patterns with 98% accuracy. 
Significance.  Improving detail reproduction and setting speed is a primary focus of dental 
impression material design and synthesis.  Radical-mediated polymerizations, particularly thiol-
ene reactions, are recognized for their speed, reduced shrinkage, and ‘click’ nature. 
 
6.2 Introduction 
Synthetic elastomeric impression materials are widely used in clinical dentistry to obtain 
negative replicas of hard and soft intraoral tissues from which positive gypsum casts can be 
prepared.  Since the casts serve as templates for the fabrication of dentures, crowns, and various 
orthodontic appliances, precise and transferrable detail reproduction is demanded of the 
impression.  To achieve a high degree of detail reproducibility, the impression material must 
possess sufficient hydrophilicity to coat moist oral surfaces and adequate fluidity to surround 
small features.1  Furthermore, the impression material should be biocompatible, have reasonable 
working and setting times, resist permanent deformation upon removal from the mouth, and 
maintain dimensional stability after setting for multiple casts to be poured.2 
Towards these objectives, four classes of synthetic elastomeric dental impression 
materials are currently available: polysulfide, condensation silicone, addition silicone, and 
polyether.  Although most impression materials on the market today are recognized for providing 
acceptable detail reproduction,3 they remain limited by their long setting times and susceptibility 
to dimensional instabilities.4, 5  Average setting times range from 6 min (addition silicon) to 13 
min (polysulfide), with each second within the mouth serving as a source of motion-induced 
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distortion by the patient.2  Moreover, each class of impression material has the potential to 
diminish in accuracy over time.  Polysulfide and condensation silicones release liquid by-
products as they set, while the addition silicones (or polyvinyl siloxanes, PVS) release gas by-
products.  Consequently, polysulfide and condensation silicone impressions may shrink upon 
evaporation of water or ethanol, respectively.6, 7  Meanwhile, casts poured from PVS impressions 
may contain pits or voids if adequate time is not provided between full set and positive 
rendition.8  Lastly, the hydrophilic nature of the polyether class of materials makes the 
impressions subject to swelling through absorption of moisture from the surrounding 
environment.9 
Clearly, the setting mechanisms employed by the current classes of materials do not offer 
an optimal route for a quick-setting, dimensionally stable material.  Free radical-mediated 
polymerizations, on the other hand, are known to occur rapidly while remaining amenable to 
various modes of initiation including light, heat, and chemical processes.10  Of particular interest 
for an impression material application is the radical-mediated thiol-ene polymerization.  The 
thiol-ene ‘click’ reaction is well documented in the literature as proceeding at rapid rates while 
remaining uninhibited by oxygen, releasing no by-products, and requiring no solvents to attain 
quantitative conversions.11, 12  Moreover, the thiol-ene reaction mechanism proceeds through a 
series of alternating propagation and chain transfer events prior to termination that makes the 
reaction a step growth rather than a chain growth process (Figure 6.1).13  As a result, networks 
formed via thiol-ene reactions exhibit delayed gelation and are quite homogenous.  The delay in 
gelation is of particular importance for an impression material application since the preservation 
of the liquid state will allow the working time to be extended without compromising the reaction 
rate.  Furthermore, the limited bond capacity of sulfur leads to less volumetric shrinkage in the 
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thiol-ene polymerization than would be seen in a comparable vinyl-based system, such as that 
seen in the PVS class of materials.14 
 
 
Figure 6.1.  Schematic of the thiol-ene reaction mechanism.  The thiol-ene polymerization 
proceeds through a cyclic step growth mechanism consisting of alternating propagation/chain 
transfer steps following initiation and prior to termination.  The reaction mechanism assumes 
ideal conditions in which the alternating steps proceed at the same overall rate and 
homopolymerization of the ene is minimized. 
 
Thiol-ene chemistry could potentially be incorporated into a wide range of monomer 
species; however, impression materials must be elastomeric at room temperature with adequate 
strength to resist tearing when removed from the mouth or significantly compressing under the 
weight of casting agents.  Consequently, siloxanes are a fitting material selection for 
implementation with a thiol-ene-based setting/polymerization reaction given their noted 
flexibility, mechanical integrity, and biocompatibility.15  Siloxanes are also highly amenable to 
functionalization, and multifunctional polymers can be readily synthesized through the 
condensation of pendant –Cl, -OH, or –OR groups by a variety of catalytic species.16  Hence, the 
R1
S
R2
R2
R1
S
R2 R1
SH
R1
S
Chain
Transfer
Propagation
94 
 
primary objective of this study is to evaluate the use of thiol- and ene-functionalized siloxanes as 
a viable alternative to current impression materials.  Specifically, a single thiol-ene 
functionalized siloxane formulation was synthesized, its polymerization kinetics monitored, and 
its network properties compared with a leading brand of PVS impression material. 
 
6.3 Experimental Section 
6.3.1 Materials 
3-aminopropyl(methyl) diethoxysilane (SiNH2, 95%), 3-mercaptopropyl(methyl) 
dimethoxysilane (SiSH, 96%), diphenyl dimethoxysilane (SiDP, 98%), di-n-octyl 
dimethoxysilane (SiDO), and trimethylmethoxysilane (SiMe) were purchased from Gelest, Inc. 
(Morrisville, PA) and used without further purification.  Allylchloroformate (97%), triethylamine 
(≥99%), N,N-bis(2-hydroxyethyl)-p-toluidine (DHEPT, ≥97%), benzoyl peroxide (BPO, ≥97%), 
monomethyl ether hydroquinone (MEHQ, ≥98%), and kaolin were purchased from Sigma 
Aldrich (St. Louis, MO) and used as received.  Aquasil Ultra Smart Wetting Impression Material 
(monophase and low viscosity, Dentsply, Tulsa, OK) was provided by Septodont. 
3-(aminopropylmethyl)diethoxy silane was combined with allylchloroformate according 
to a method described in the literature to produce an allyl-functionalized silane monomer (82%) 
with hydrogen bonding capabilities.17  Thiol- and allyl-functionalized siloxane oligomers were 
then synthesized via the acid-catalyzed condensation of alkoxysilane monomers, and their 
structural characteristics were reported previously.17  The condensation process yielded a thiol-
functionalized oligomer (99%, SiSH DP, Figure 6.2a) with 7:3 SH:DP and an allyl-
functionalized oligomer (99%, SiNHC=C DP DO, Figure 6.2b) with 5:4:1 C=C:DP:DO. 
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Figure 6.2.  Silane oligomers used in this chapter: a) SiSH DP (SH:DP 7:3), b) SiNHC=C DP 
DO (C=C:DP:DO 5:4:1). 
 
6.3.2 Characterization 
Polymerization conversion studies were performed on formulated thiol-ene mixtures in 
the near IR (Nicolet Magna-IR 750 series II FTIR spectrometer) using glass slides separated by a 
300 µm spacer as the sample holders.  Real-time kinetics of samples containing no kaolin filler 
were collected at a resolution of 4 cm-1 and at a rate of 5 scans every 2 seconds at both room 
temperature (23 °C) and oral temperature (35 °C).  The final conversions of thiol and allyl 
functionalities were calculated as one minus the ratio of final to initial peak areas centered at 
2570 cm-1 (SiSH DP, S-H stretch) and 4490 cm-1 (SiNHC=C DP DO, C=C stretch), respectively. 
Dynamic mechanical analysis (DMA) was performed in triplicate on crosslinked thiol-
ene siloxane networks and on set PVS light and medium body samples (300 µm thickness) in 
tension using a TA Instruments Q800 scanning at 1 °C/min from -40 to 40 °C at a frequency of 1 
Hz and a strain of 0.1%.  The glass transition temperature (Tg) was defined as the temperature 
corresponding to the maximum in the tan δ curve.  Creep recovery and stress relaxation of the 
medium and light bodied thiol-ene functionalized siloxanes and commercial PVS materials were 
also measured in tension by DMA.  Creep recovery was performed by extending samples under a 
constant load of 0.1 MPa for 10 min followed by 20 min recovery.  Stress relaxation was 
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conducted with an initial strain of 15% with 10 min recovery.  Both test methods were run in 
triplicate on 600 µm thick samples at 35 °C. 
The consistency of fully formulated siloxane samples with adequate working time was 
measured in accordance with ISO 4823, section 9.2 dental standards.  Briefly, 0.5 mL of unset 
siloxane material was injected between two glass slides (7” x 5”) and compressed for 5 sec with 
14.7 N of force.  Following the designated 15 min polymerization period, the major and minor 
diameters were measured, and the average of the two lengths was recorded.  Surface energy was 
quantified by measuring the static contact angle (DROPimage Advanced, v.2.0.10) of DI water 
atop a film of each crosslinked network with a goniometer (Ramé-Hart Instruments, Model 500 
Advanced).  Samples were prepared by injecting uncured formulations between two glass slides 
separated by plastic spacers (300 µm thick).  Complete conversion of each experimental siloxane 
sample was confirmed by FTIR; the commercial PVS samples were allowed to set for the 
manufacturer-instructed timeframe prior to testing. 
Feature replication was evaluated qualitatively on a centimeter size scale and 
quantitatively by scanning electron microscopy (SEM, JEOL JSM 7401F) on a nanometer size 
scale.  Centimeter size scale features were constructed of rectangular solids, four-sided pyramids, 
and elliptical half domes in three sizes: (blocks, length width height) 3 3 6 cm, 4 3 8 
cm, 5 3 10 cm; (pyramids, length width height) 3 3 6 cm, 4 4 8 cm, 5 5 10 cm; 
(domes, diametermajor diameterminor) 3 6 cm, 4 8 cm, 5 10 cm.  The rectangular solid 
features were spaced 75 µm from the pyramidal features, which were separated by 50 µm from 
the half dome features.  Replication of patterns with nanometer periodicities on silica wafers was 
quantified by SEM image analysis.  ImageJ public domain software18 (NIH) was used to enhance 
contrast and smooth images, as well as to provide initial estimates of dimensions.  MATLAB 
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software (The MathWorks, Inc.) was then used to calculate the Fast Fourier Transform of the 
image, which allowed the periodicity of the sample to be measured.  Feature replication was 
quantified as the absolute percent difference between sample and substrate periodicities. 
 
6.4 Results 
Formulations of SiNHC=C DP DO/SiSH DP with varying levels of redox initiators, 
plasticizer, and kaolin filler were created and evaluated to identify formulations that resulted in 
adequate working time, rapid setting time, and robust network properties.  Polymerization 
kinetics of the neat SiNHC=C DP DO/SiSH DP systems (i.e., 0 wt% DIDP and 0 wt% kaolin) 
are shown in Figure 6.3 for varying concentrations of BPO.  All formulations contained an equal 
molar quantity of DHEPT and BPO and a low inhibitor (i.e., MEHQ) level, 200:7 BPO:MEHQ.  
Clearly, polymerization rate increases directly with initiator concentration; however, the lack of 
incrementing inhibitor fractions with increasing initiator limited the available working time in 
the 1.0 wt% BPO system.  Therefore, an intermediate BPO fraction was selected for further 
evaluation with three levels of plasticizer (DIDP, 0 wt%, 1 wt% and 5 wt%).  The results of the 
real-time FTIR testing are provided in Figure 6.4.  For plasticizer levels greater than zero, 
samples were tested at both ambient and oral temperatures, but only the kinetic profiles of 
samples tested under oral conditions are shown.  Addition of the plasticizer increases the 
working time, a feature noted by the lower conversion of allyl functionalities in the 5 wt% DIDP 
samples relative to the 1 wt% and 0 wt% DIDP samples.  Still, at oral temperatures the final 
fractional conversion of all mixtures is over 80%. 
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Figure 6.3.  Conversion versus time for the oligosiloxane system formulated with three weight 
fractions of BPO (1.0 wt%, 0.75 wt%, and 0.5 wt%).  All systems contained 1:1 BPO:DHEPT 
and 200:7 BPO:MEHQ.  Studies were performed in triplicate, and the presented data represent 
the averages and error bars the standard deviations.  For clarity, not all data points are shown. 
 
 
Figure 6.4.  Conversion versus time for the oligosiloxane system formulated with 0.86 wt% 
BPO and three levels of DIDP (0 wt%, 1 wt%, and 5 wt%).  The systems containing DIDP were 
tested at oral (35 °C) temperature.  All systems contained 1:1 BPO:DHEPT and 200:7 
BPO:MEHQ.  Data is presented as avg ± st. dev.  For clarity, not all data points are shown. 
 
 Moving forward with the selected redox and plasticizer concentrations, the 
thermomechanical properties of crosslinked networks in both filled and neat systems were 
ascertained by DMA.  The results are given in Table 6.1.  Kaolin clay was chosen as the 
inorganic filler component owing to the ease with which it dispersed in the oligosiloxanes to 
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yield highly uniform pastes.  As seen in Figure 6.5, the addition of plasticizer dramatically 
reduces the glass transition temperature but leads to a simultaneous drop in crosslink density.  
However, with the addition of 15 wt% kaolin filler, the decline in storage modulus is recovered 
while the glass transition region remains lower than seen when no plasticizer is present. 
 
 
Figure 6.5.  Storage modulus versus temperature plot of the crosslinked oligosiloxane system in 
four formulations: 0 wt% DIDP/0 wt% kaolin, 5 wt% DIDP/0 wt% kaolin, 1 wt% DIDP/15 wt% 
kaolin, and 5 wt% DIDP/15 wt% kaolin.  All samples were polymerized with 0.86 wt% BPO 
(1:1 BPO:DHEPT, 200:7 BPO:MEHQ).  Samples were collected in triplicate (avg ± st dev).  For 
clarity, not all data points are shown. 
 
Consistency testing and contact angle studies were also performed on the fully 
formulated oligosiloxane systems.  Consistency measurements revealed that one system fell into 
the ‘medium body’ category, and the remainder met the requirements for a ‘light body’ 
impression material (Table 6.1).  As such, the surface energy of each crosslinked siloxane 
network was compared against that of a medium and a light body commercial PVS impression 
material (Table 6.1).  Prior to polymerization, the experimental siloxanes proved to be more 
hydrophilic than the commercial material.  Furthermore, the thiol-ene networks were more 
hydrophobic after set than were the commercial PVS samples, which rapidly transitioned from a 
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hydrophobic to a hydrophilic surface upon contact with water.  Among the thiol-ene siloxane 
systems, the 1 wt% DIDP/10 wt% kaolin formulation showed the greatest hydrophobicity upon 
set and the 5 wt% DIDP/5 wt% kaolin formulation the least.  None of the experimental siloxane 
surfaces allowed for complete water dispersion when fully crosslinked as the commercial PVS 
materials did. 
 
Table 6.1.  Summary of selection criteria used to identify viable light and medium body thiol-
ene functionalized impression materials. 
 
Siloxane System 
(DIDP/kaolin fraction 
in thiol-ene 
formulations) 
Final allyl 
conversion 
[%] 
Tg (°C) E’ (MPa)* Post-set 
contact 
angle 
Consistency# 
(mm) 
0 wt%/0 wt% 82 (2) 3.2 (1.5) 2.8 (0.1) 80 (1) - 
1 wt%/7.5 wt% 83 (6) -3.6 (1.7) 2.2 (0.1) 74 (1) - 
1 wt%/10 wt% 79 (4) -5.8 (1.0) 1.5 (0.4) 82 (1) 41 (1), M 
1 wt%/15 wt% 78 (5) -4.8 (0.9) 2.4 (0.1) 81 (1) 52 (4), L 
5 wt%/0 wt% 89 (2) -8.5 (1.1) 1.1 (0.3) 80 (4) - 
5 wt%/5 wt% 77 (6) -6.5 (0.7) 2.0 (0.2) 70 (1) 63 (4), L 
5 wt%/10 wt% 79 (1) -5.8 (1.5) 1.8 (0.4) 71 (1) 53 (1), L 
5 wt%/15 wt% 79 (2) -2.8 (0.6) 3.5 (0.6) 79 (5) 54 (0), L 
Aquasil Ultra 
Monophase - -45 (0) 4.0 (0.8) 31 (7) -, M 
Aquasil Ultra LV - -32 (1) 3.1 (0.5) 0 (0) -, L 
*Reported at T = 35 °C.  #Consistency measurements are denoted ‘M’ for medium body and 
‘L’ for light body. 
 
 The viscoelastic properties of the medium body thiol-ene functionalized siloxane (1 wt% 
DIDP/10 wt% kaolin) and the light body thiol-ene functionalized siloxane with the greatest 
storage modulus at intraoral temperature (5 wt% DIDP/15 wt% kaolin) were collected for 
comparison with the commercial medium and light body PVS impression materials.  From the 
creep recovery experiments, the percent strain recovery (%εrec) was measured and is reported for 
all four systems in Table 6.2.  The maximum stress (σmax) induced in the test samples during 
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stress-relaxation experiments was also determined, as was the percent stress reduction (%σrec) 
following 10 min recovery.  These experimental values are documented in Table 6.2.  One-way 
analysis of variance (ANOVA, α=0.05) revealed no statistical difference in strain recovery 
during the creep experiments or stress reduction during the stress-relaxation experiments.  
However, a statistical difference in means did exist for the maximum stress attained in the stress-
relaxation test samples.  The Fisher Least Significant Difference (LSD) method revealed that the 
PVS light and medium body specimen accrued significantly higher stress during testing than the 
crosslinked thiol-ene functionalized siloxane specimen. 
 
Table 6.2.  Comparison of light and medium body thiol-ene siloxane networks with commercial 
PVS networks. 
 
Siloxane System 
(DIDP/kaolin fraction in 
thiol-ene formulations) 
Pre-set 
contact 
angle 
%ε rec %σ rec σmax 
(MPa) 
Reproduction* 
1 wt%/10 wt% 59 94 (2) 12 (7) 0.17 (0.01) 2.5% 
5 wt%/15 wt% 53 94 (1) 18 (10) 0.24 (0.04) 1.2% 
Aquasil Ultra Monophase 72 97 (2) 21 (8) 0.40 (0.08) - 
Aquasil Ultra LV 68 97 (2) 18 (9) 0.61 (0.01) - 
*Reproduction represented as % difference in periodicity between sample and substrate. 
 
 Replication of large and microscopic features was evaluated on qualitative and 
quantitative levels, respectively.  On the visible scale, the thiol-ene functionalized siloxane 
systems displayed greater flow tendencies, filling the 75 µm and 50 µm spaces completely, while 
the light and medium body commercial materials failed to produce distinct walls (Fig. 6.6).  
However, limited mechanical integrity of these thin films formed via the thiol-ene formulations 
caused the set material to tear easily upon removal from the mold.  The precision of thiol-ene 
functionalized siloxane replication was quantified by SEM.  Using patterned silica wafers as 
reference substrates, the percent difference in periodicity was found to be 2.5% and 1.2% for the 
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medium and light body formulations, respectively.  In other words, the formulations were able to 
replicate the periodicity of micrometer-scaled features with up to 99% accuracy.  Accuracy here 
refers to the absolute proximity of the sample periodicity to that of the substrate without 
distinguishing how the deviations arose (i.e., increased periodicity between sample and substrate 
were treated identically to equivalent magnitudes of decreased periodicity between sample and 
substrate). 
 
 
Figure 6.6.  Replication analysis of (A) centimeter and (B) micrometer scaled features: A1) 
centimeter-scale mold, A2) light body PVS, A3) medium body PVS, A4) medium body thiol-
ene, B1) micrometer-scale mold, B2) light body thiol-ene, B3) micrometer-scale mold, B4) 
medium body thiol-ene. 
 
6.5 Discussion 
The selection criteria for choosing thiol-ene formulations capable of performing as viable 
dental impression materials consisted of the inhibition period (working time), polymerization 
speed (setting time), consistency, and network properties (Tg and E’ at 35 °C).  Of the neat 
formulations tested, the 0.86 wt% BPO system offered the best combination of working and 
setting times at 1.8 ± 0.2 min and 3.4 ± 0.4 min, respectively.  Here, ‘working time’ is defined as 
the time period between initial contact of the thiol and ene components and the subsequent gel 
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point.  ‘Setting time’ is defined as the time period between the onset of gelation and 80% allyl 
conversion. 
By the Flory-Stockmayer equation, the thiol-ene functionalized siloxane formulation used 
in this study (5:4:1 C=C:DP:DO with 7:3 SH:DP in a 1:1 C=C:SH mixture) should theoretically 
gel at 20 % allyl conversion.  Using this value in conjunction with the observed rate of 
polymerization (taken as the initial slope of the conversion vs. time plot) allows the working and 
setting times to be calculated.  Application of this methodology to the systems formulated with 
DIDP shows that the addition of the plasticizer serves to increase the working time to 2.5 ± 0.2 
min at 1 wt% and 2.8 ± 0.1 min at 5 wt% while decreasing the setting time to 2.6 ± 0.8 min and 
1.7 ± 0.2 min for the 1 wt% and 5 wt% DIDP levels, respectively.  Relative to the commercial 
PVS impression material, this represents a 50% decrease in setting time while maintaining 
sufficient working times. 
 Consistency measurements revealed that only one of the thiol-ene formulations at the 
0.86 wt% BPO level met the requirements for a medium body impression material.  However, 
multiple systems possessed sufficient flow to serve as a light body material.  Thus, the selection 
of the light body formulation was made based on its thermomechanical properties and contact 
angle when set (Table 6.1).  Since the 5 wt% DIDP/15 wt% kaolin formulation displayed the 
highest storage modulus at 35 °C and the strongest hydrophobic tendencies when set, it was 
chosen as the thiol-ene comparison to the light body PVS material.  Hydrophobicity improves 
the ability of the set material to release from oral structures, while storage modulus implicates 
the overall strength of the material.  Consequently, a hydrophobic elastomer with a high storage 
modulus should exude high strength in an impression material application. 
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 The medium and light body thiol-ene siloxanes were compared against the medium and 
light body commercial PVS impression material for contact angle before and after set, glass 
transition temperature, storage modulus (at 35 °C), creep behavior, and feature replication.  As 
mentioned previously, the contact angles of unset thiol-ene siloxanes were more hydrophilic than 
the PVS material, and the contact angles of the set thiol-ene siloxanes were more hydrophobic, 
regardless of consistency.  Clinically this translates to a liquid material that responds better to the 
moist oral environment and releases more readily from oral structures once set.  Moreover, the 
negligible differences in %εrec and %σrec between the thiol-ene systems and the commercial 
systems indicate that the thiol-ene functionalized siloxanes can recover from the impact forces of 
removal and casting to the same degree as their commercial counterparts.  However, the lower 
moduli in the thiol-ene formulations are indicative of their lower strength relative to the 
commercial PVS materials, and are therefore more susceptible to tear when removed.  Such 
damage is realized in the large feature replication studies.  Although the thiol-ene formulations 
displayed sharper edges from their greater flow tendencies, mechanical failure was evident.  
Nevertheless, SEM evaluation of micro-scale features revealed 98% accuracy by the medium 
and light body thiol-ene functionalized siloxanes. 
 
6.6 Conclusion 
The thiol-ene reaction shows excellent potential as the setting mechanism in dental 
impression materials.  Siloxane-based systems utilizing this radical-mediated technique 
demonstrate faster setting times with stronger hydrophilic characteristics in the unset period and 
hydrophobic characteristics when set than leading polyvinylsiloxane materials.  More 
importantly, siloxanes cured by the thiol-ene reaction displayed highly accurate detail 
105 
 
reproduction, and in the presence of greater mechanical strength, which would be achieved 
through variable filler loading, would prove a superior impression material in clinical dentistry. 
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CHAPTER VII 
 
 
CONCLUSIONS AND RECOMMENDATIONS 
 
 
7.1 Introduction 
Through the work discussed in the preceding chapters, the formation-structure-property 
relationships of thiol-ene functionalized siloxane oligomers with varying nonreactive pendant 
groups (diphenyl and dioctyl), degrees of thiol functionalization, ene structures, initiation 
mechanisms, and filler loading levels were investigated in great detail.  In particular, Chapter III 
explored the impact of thiol functionalization and nonreactive pendant groups on the 
thermomechanical network properties (i.e., Tg and E’), the overall mechanical integrity (i.e., 
TEB, E, σU, and %El), and the surface energy of photopolymerized siloxane networks.  Chapter 
IV then focused on the polymerization rate of photoinitiated thiol-ene functionalized siloxane 
systems.  Specifically, the presence of a rate-limiting step and the termination mechanism where 
investigated extensively for a variety of chain structures and ene types (i.e., vinyl, acrylate, and 
allyl). 
In Chapter V, an alternative radical-mediated initiation mechanism was explored using 
traditional thiol-ene systems.  Factors including the type and loading level of redox initiators 
(benzoyl peroxide with either N,N-dimethyl-p-toluidine or N,N-bis(2-hydroxyethyl)-p-toluidine) 
and/or inhibitor (monomethyl ether hydroquinone, MEHQ) were systematically varied to 
understand their role in mediating the observed polymerization rate.  Finally, in Chapter VI a 
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thiol-ene functionalized siloxane system discussed in Chapters III and IV was coupled with the 
bulk redox initiation technique described in Chapter V to produce a viable dental impression 
material.  The quantity of initiator and secondary components (i.e., retarder, plasticizer, and 
filler) were varied, and the resulting effect on polymerization rate, inhibition time, 
thermomechanical and viscoelastic properties, consistency, surface energy, and detail 
reproduction were recorded and compared with a commercial counterpart. 
 
7.2 Objective 1 
 
Evaluate and understand the effect of the oligomer structure and network 
properties of thiol- and vinyl-functionalized siloxanes to ascertain the impact of 
nonreactive groups on the thermomechanical behavior. 
 
7.2.1 Conclusions 
 Thiol and ene functionalities were found to be readily incorporated as pendant groups on 
siloxane backbones.  Moreover, the inclusion of a monoalkoxy silane proved to afford control 
over the molecular weight of the growing siloxane chains with the resulting structures displaying 
low polydispersities (PDIs of 1.1 to 1.2 versus the theoretical value of 2).  The low PDIs 
confirmed the susceptibility of acid-catalyzed siloxane polycondensation to chain length 
dependent growth, illustrated schematically in Figure 7.1.  As the siloxane chain lengthens, ring 
strain impedes intramolecular hydrogen bonding, which promotes condensation by activating the 
participating hydroxyl groups towards nucleophilic attack on the terminal silicone atom of a 
neighboring siloxane.  
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Figure 7.1 A schematic representation of intramolecular hydrogen bonding in short chain 
siloxanes during acid-catalyzed polycondensation.  The hydrogen bonding facilitates propagation 
and establishes a chain length dependent condensation mechanism. 
 
Networks formed by the thiol-ene reaction reached high extents of reaction at rapid rates 
of polymerization.  The rubbery moduli were found to vary from 1.0 MPa to 3.1 MPa, 
corresponding to crosslink densities of 140 mol/m3 and 400 mol/m3, respectively.  Both the 
number of thiols per chain and the extent of π-π stacking within the network lead to increased 
rubbery moduli and glass transition temperatures.  Variations in the crosslink densities and 
degree of secondary interactions allowed by the unreacted oligomers played a similar role in 
dictating the mechanical integrity of the polymerized system.  Overall, % elongations ranged 
from 29% to 84%.  Lowering the crosslink density while increasing the degree of hydrogen 
bonding would drastically increase the elasticity but reduce the overall strength (170 kPa to 670 
kPa).  Consequently, maximum toughness was observed when secondary interactions were 
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maximized as the expense of crosslink density (205 kJ/m3, 5:4:1 C=C:DP:DO with 1:1 SH:DP), 
while the minimum toughness was seen in the reversed scenario (50 kJ/m3, 5:2:3 C=C:DP:DO 
with 3:1 SH:DP).  In regards to surface energy, the nonreactive pendant group ratios dominated 
the observed trends.  Regardless of crosslink density, networks with maximum dioctyl content 
(5:2:3 C=C:DP:DO) displayed the greatest hydrophobic nature under static contact angle 
measurement of water on networks photopolymerized in contact with glass.  From the work 
towards Objective 1 documented in Chapter III, the structure-property relationships of thiol-ene 
functionalized siloxanes are shown to be established directly through the choice and relative 
concentrations of the pendant chemical structures. 
 
7.2.2 Recommendations 
 Although the molecular weight of each siloxane oligomer was assessed by MALDI-TOF 
MS, the impact of the pendant functionality on the rate of condensation was not considered.  
Since the propensity of a silane monomer to react dictates the final structure of the oligomer and 
is reflected in the network properties, a greater understanding of silane reactivity would be 
valuable.  One method in which this property could be assessed might utilize proton, carbon, and 
silicone NMR spectroscopy to monitor the molecular weight evolution through end-group 
analysis in a time dependent study.  Starting with a reaction mixture of a single silane species 
(i.e., diphenyl dimethoxy silane) and a monofunctional condensable species with a distinct 
functionality from those in the chain (i.e., amino), an aliquot of the reaction mixture could be 
taken daily and the progression of condensation recorded.  Once the mixture reveals full 
consumption of all alkoxy groups, the reaction may be deemed complete.  Applying this 
technique to each of the silane monomers (i.e., di-n-octyl dimethoxy silane, 3-
mercaptopropyl(methyl) dimethoxy silane, and allyl(3-(diethoxy(methyl)silyl) propyl)carbamate) 
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would provide the necessary information for predicting co-polymer structures based on relative 
silane reactivities. 
 A second consideration for further evaluation of the siloxane systems employed towards 
Objective 1 would be to quantify the full impact of secondary interactions, particularly π-π 
stacking, on network properties.  Since maximizing the effect would offer the greatest potential 
for realizing the effect, homopolymers with systematically varied degrees of π-conjugation 
should be synthesized and their chains terminated by ene-functionalized silanes (Figure 7.2).  
The oligomers could then be reacted with the 3:1 SH:DP siloxane oligomer introduced in 
Chapter III.  The presence of π-π stacking in the ene-terminated oligomers could be assessed 
rheometrically prior to reaction, and changes in the degree of π-π stacking could be monitored 
with FTIR spectroscopy during reaction.  Finally, DMA and mechanical testing could be used to 
assess the correlation between π-π stacking and network properties.  
 
 
 
Figure 7.2.  Proposed siloxane structures for evaluating the impact of π-π interactions on 
network properties.  To avoid precipitation of high molecular weight species, chain length should 
be limited to five units for diphenyl, dipyridine, and dicyclohexane oligomers. 
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7.3 Objective 2 
 
Determine and understand the kinetic behavior and mechanisms of thiol-ene 
reactions in functionalized siloxanes to determine the factors that dictate the 
observed polymerization rate. 
 
7.3.1 Conclusions 
 The thiol-ene reaction is highly dictated by the surrounding pendant groups in the 
presence of silicone.  Polymerization rate trended upwards with increasing diphenyl content for 
networks with identical crosslink densities.  However, this trend did not persist in the presence of 
varying thiol content, and no direct trend was observed with respect to the degree of thiol 
functionalization.  Further investigation of the impact of relative pendant group concentration 
revealed that the thiol-ene reaction can be chain transfer limited, as seen in the 5:3:2 
C=C:DP:DO/3:1 SH:DP system, propagation limited (5:3:2 C=C:DP:DO/1:1 SH:DP), or equally 
dependant on both steps (5:2:3 C=C:DP:DO/1:1 SH:DP).  However, termination appears to 
proceed predominantly by unimolecular processes regardless of the rate-limiting reaction step or 
the pendant ene structure.  Acrylate-, vinyl-, and allyl-functionalized siloxane systems 
synthesized in 5:4:1 C=C:DP:DO ratios all displayed α scaling values approaching 1 (0.82, 0.95, 
and 0.98, respectively).  In this work, restricted radical mobility, molecular oxygen inhibition, 
and excessive reactive energy barriers were all ruled out as potential sources of the unimolecular 
termination.  However, the nonpolar environment established by the siloxane backbone may 
offer sufficient charge shielding for the electrostatic repulsion between thiyl-thiyl, carbon-
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carbon, and carbon-thiyl radical pairs to prevent bimolecular termination from occurring on the 
timescale of the polymerization. 
 
7.3.2 Recommendations 
Further work towards isolating the exact nature and cause of the observed phenomenon 
should be directed at real-time EPR experiments on photoinitiated samples.  In order to slow the 
reaction rate and eliminate extraneous radicals, these experiments should ideally be done without 
the aid of a photoinitiator.  Therefore, any radical species outside of the expected carbon-
centered or thiyl radical that exist could be readily identified. 
Additional hypotheses for the cause of high α scaling values in thiol-ene functionalized 
siloxane systems could also be tested experimentally.  For example, the claim of charge-
shielding of electrostatically charged radical species could be tested by conducting variable light 
intensity studies in solvents of increasing degrees of polarity.  Moreover, modeling simulations 
of the siloxane systems could be created, and the theoretical potential for charge shielding could 
be determined for each of the ene types.  Modeling could also serve as a platform for 
determining if radical trapping by the benzene rings is viable on the timescale of polymerization.  
The results of such modeling could then be tested experimentally by conducting light intensity 
scaling studies on the siloxane oligomers depicted in Figure 7.2.  If conjugation promotes radical 
trapping, then the charge-shielding hypothesis may be ruled out, and vice versa. 
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7.4 Objective 3 
 
Develop and apply free radical-mediated redox initiation systems for thiol-ene 
reactions, whether for small molecule coupling reactions or for initiating thiol-
ene polymerization reactions, including an evaluation of reaction rates, product 
formation efficiency and conversion, and polymer network properties to identify 
deviations from the classical photoinitiated reactions of identical species. 
 
7.4.1 Conclusions 
 Chapter V introduced the diacylperoxide/tertiary amine redox pair, specifically benzoyl 
peroxide with toluidine species, as an initiation route for thiol-ene reactions.  Though the 
propionate thiol was found to act as a suitable reducing agent on its own, the reaction rate is 
greatly enhanced by the addition of toluidine, with the rate being directly proportional to the 
nucleophicity of the toluidine side groups.  The redox-initiated polymerization rate was 
comparable to photoinitiated polymerizations of similar radical potential, and was tunable in 
both inhibition period and maximum rate through variations in inhibitory (quinone, MEHQ) and 
oxidation agents (BPO), respectively.  Moreover, the ratio of inhibitor to oxidizer was found to 
slow the rate and increase the induction period at high values (i.e. BPO:MEHQ 4:1) but increase 
the rate and decrease the induction period at low values (i.e., BPO:MEHQ 1:2).  The network 
properties of redox-initiated systems were slightly lower than photopolymerized films owing to 
the lower fractional conversion of reactive groups.  Nevertheless, the functionalization of small 
molecules via the thiol-ene reaction was also shown to be highly amenable to redox initiation 
when the redox pair was used at concentrations well below that of the reactants. 
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7.4.2 Recommendations 
 The work towards Objective 3 discussed in Chapter V introduced the hypothesis that an 
inhibitor species (i.e., MEHQ) could serve as an initiator under the appropriate conditions.  That 
is, when the inhibitor is mixed in excess to the oxidizing agent and a reducing agent (either 
reacting thiols or a tertiary amine) is present.  An extended investigation into the precise cause 
and radical structure responsible for this phenomenon could prove valuable in tailoring the 
inhibition period and overall reaction rate of additional systems.  Experimentally, the radical 
species could be realized by EPR, which would show not only the monomer responsible for 
initiation but also the state of that monomer.  In the case of the MEHQ species, the claim was 
made in Chapter V that the radical has a propensity to rearrange from a primary radical into a 
more energetically favorable tertiary radical.  EPR would allow the speed of this rearrangement 
to be determined relative to the rate of polymerization. 
 
7.5 Objective 4 
 
Incorporate radical-mediated redox initiators into a thiol-ene functionalized 
siloxane impression materials system and evaluate the working and setting times, 
viscoelastic properties, surface energy, and feature replication of that system to 
predict its performance as an elastomeric dental impression material. 
 
7.5.1 Conclusions 
 Combination of the redox pair discussed in Chapter V (benzoyl peroxide and N,N-bis(2-
hydroxyethyl)-p-toluidine in equal molar ratios) with the thiol-ene functionalized siloxanes 
presented in Chapters III and IV (5:4:1 C=C:DP:DO with 2:1 SH:DP) allowed a viable dental 
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impression material to be created.  The radical-mediated material was comparable to 
commercially available siloxane-based materials in terms of viscoelastic properties and working 
time but improved the setting time by a 50% reduction.  Furthermore, the thiol-ene 
functionalized material achieved greater flow and showed sharper feature replication than 
commercial PVS on a qualitative scale and reproduced the periodicity of microscale features 
with 99% accuracy.  However, the mechanical integrity of the thiol-ene system was lower than 
that of the commercial material and would require optimization in order to function ideally in the 
clinical setting.  The toughness of the material would be improved if the crosslink density were 
lowered while the hydrogen bonding capacity was increased.  This modification would further 
improve the hydrophilic nature of the material prior to set such that it would coat oral features 
well. 
 
7.5.2 Recommendations 
 A thiol-ene functionalized siloxane formulation suitable for the commercial dental 
impression material market would strongly benefit from an increase in mechanical strength 
without a compromise in flow, detail reproduction, or setting time.  Consequently, the suggested 
formulation should be modified by increasing chain length and hydrogen-bonding moieties while 
reducing crosslink density.  However, the degree to which each of these should be carried out 
would require appropriate optimization studies in which each factor is evaluated singularly.  A 
chart depicting how such a study could be conducted systematically is shown in Figure 7.3. 
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Figure 7.3.  Schematic depicting a systematic method for determining the optimal thiol-ene 
functionalized siloxane dental impression material.  The degree of ene functionalization is varied 
in Case 1, the degree of hydrogen bonding is varied in Case 2, and the overall chain length is 
varied in Case 3. 
 
First, the degree of hydrogen-bonding and chain length could be held constant while the 
degree of ene-functionalization is varied from 2 (as terminal units) to 12 (a homopolymer of 
allyl-functionalized silanes).  To maintain constant hydrogen-bonding numbers, each allyl group 
should contain a urethane linkage like the 5:4:1 C=C:DP:DO oligomer utilized in Chapter VI.  
Next, the chain length and degree of ene-functionalization could be held constant and the number 
of hydrogen-bonding repeats varied from 0 to 10.  Finally, the chain length could be varied while 
holding the remaining two factors constant.  In this way, a map of oligomer structural 
characteristics and network properties can be formed and the dental impression material 
characteristics optimized. 
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APPENDIX 
 
 
SYNTHESIS AND CHARACTERIZATION OF ALLY ETHER-FUNCTIONALIZED 
SILOXANE DIMERS 
 
 
A.1 Synthetic Procedure 
 
 Siloxane dimers with two degrees of allyl functionalization were prepared from 1,3-
dichloro-1,3-diphenyl-1,3-dimethyldisiloxane (Gelest, Morrisville, PA).  A difunctional allyl 
ether species was then prepared by reacting 2-allyloxy ethanol (14.4 g, 0.14 mol) with 1,3-
dichloro-1,3-diphenyl-1,3-dimethoxydisiloxane (23 g, 0.070 mol).  Initially, the 2-allyloxy 
ethanol was mixed with triethylamine (15.7 g, 0.16 mol) in THF and cooled to 0 °C under an 
argon purge.  The siloxane species was then added dropwise to the cooled, purged solution and 
stirred continuously for 6 hours.  The solution was then filtered to remove a white precipitant and 
washed with ether.  Excess solvents (THF and diethyl ether) were then removed under vacuum to 
yield 30.6 g of product (95%).  1H NMR was used to confirm the purity of the difunctional allyl 
ether siloxane dimer (SiAE2, Figure A.1a), 1H NMR (500 MHz, CDCl3, δ): 7.39 – 7.31 (m, 4H), 
7.31 – 7.23 (m, 2H), 7.21 – 7.14 (m, 4H), 5.82 (dddt, J = 24.7, 16.3, 10.0, 6.2 Hz, 2H), 5.07 – 
4.96 (m, 3H), 3.96 (t, J = 7.2 Hz, 4H), 3.84 (dt, J = 6.3, 1.0 Hz, 2H), 3.51 (dt, J = 20.8, 7.3 Hz, 
4H), 3.20 (t, J = 7.2 Hz, 2H), 2.21 (dddd, J = 7.6, 6.4, 5.8, 1.0 Hz, 2H), 0.66 (s, 6H). 
 A tetrafunctional dimer species (SiAE4, Figure A.1b) was subsequently prepared 
following a similar protocol, wherein trimethylolpropanediallyl ether (19.8 g, 0.092 mol) was 
substituted for 2-allyloxy ethanol and reacted with 1,3-dichloro-1,3-diphenyl-1,3-
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dimethyldisiloxane (15.1 g, 0.056 mol) in the presence of triethylamine (10.3 g, 0.10 mol).  The 
trimethylolpropanediallylether (Sigma-Aldrich, 90%) was distilled prior to its use.  The purity of 
the recovered product (29.2 g, 92%) was again confirmed by 1H NMR (500 MHz, CDCl3, δ): 
7.37 – 7.23 (m, 2H), 7.21 – 7.14 (m, 1H), 5.79 (ddt, J = 16.4, 10.0, 6.2 Hz, 1H), 5.28 (ddt, J = 
10.1, 2.2, 1.1 Hz, 1H), 5.03 (ddt, J = 16.7, 2.1, 1.0 Hz, 1H), 3.92 (dt, J = 6.4, 1.0 Hz, 2H), 3.65 
(s, 1H), 3.52 (s, 1H), 3.34 (s, 1H), 1.59 – 1.53 (m, 1H), 0.83 (t, J = 6.7 Hz, 2H), 0.66 (s, 2H). 
 
 
 
Figure A.1.  a) 2- and b) 4-functional allylether siloxane dimers synthesized for control of 
molecular weight in kinetic evaluations of siloxane-based compounds. 
 
A.2 Dimer Polymerization Kinetics 
 
 Polymerization kinetics were monitored in real-time by FTIR (Nicolet Magna-IR 750 
series II FTIR spectrometer) for 300 µm thick samples between glass slides.  The termination 
mode of siloxane systems containing one of the allyl ether dimers (SiAE2 or SiAE4) and the 2:1 
SH:DP thiol-functionalized oligomer was determined by exposing formulated systems to 
increasing light intensities under a constant photoinitiator loading (0.5 wt% IR 184).  The 
resulting conversion versus time curves were experimentally scaled to an α value that produced 
O
O
SiH3C O Si CH3
O
O
a)
O
SiH3C O Si CH3
O
OO
H3C
O
CH3
O
b)
128 
 
identical initial slopes.  As discussed in great detail in Chapter IV, α values typically range 
between 0.5 and 1.0, with 0.5 being indicative of exclusively bimolecular termination and 1.0 of 
unimolecular termination.  The results of the scaling study are depicted in Figure A.2 and Figure 
A.3. 
A series of radical-mediated redox polymerizations were also conducted using the four-
functional siloxane dimer formulated with the 2:1 SH:DP siloxane oligomer.  Mixtures were 
developed using varying fractions of benzoyl peroxide (BPO) as the oxidizing agent and N,N-
bis(2-hydroxyethyl)-p-toluidine (DHEPT) as the reducing agent.  Monomethyl ether 
hyroquinone (MEHQ) was further used at varying levels as an inhibitor.  The purpose of these 
investigations was to capitalize on the low viscosity of the dimers, relative to the allyl-
functionalized oligomers, for initiator (i.e., benzoyl peroxide) solvation.  The results of these 
experiments are given in Figures A.4, A.5, and A.6 below. 
 
 
 
Figure A.2. Conversion versus time plot for the raw a) 2 functional dimer and b) 4 functional 
dimer systems.  All mixtures were formulated with 0.5 wt% IR 184 and exposed to 1 mW/cm2, 3 
mW/cm2, 10 mW/cm2, and 30 mW/cm2 light intensities at 365 nm. 
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Figure A.3.  Light intensity α scaling values determined from the log plot of rate of 
polymerization (RP) and the product of incident irradiation (Io) and photoinitiator concentration 
[PI].  The slope of the 2 functional allyl ether photopolymerized with 2:1 SiSH DP was identified 
as 0.79 ± 0.07, and the slope of the 4 functional allyl ether dimer formulation was found to be 
0.72 ± 1.  Both systems were formulated with 0.5 wt% IR 184.  RP was calculated as the slope of 
the conversion versus time curves. 
 
 
 
Figure A.4.  Conversion versus time of SiAE4/2:1 SiSH DP mixtures formulated with 0.05wt%, 
0.1 wt%, 0.2 wt%, and 0.5 wt% BPO, 4:1 BPO:MEHQ, and 1:1 BPO:DHEPT.  Experiments 
were conducted in triplicate.  Error bars represent the standard deviations.  For clarity, not all 
data points are shown. 
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Figure A.5.  Conversion versus time of SiAE4/2:1 SiSH DP mixtures formulated with 0.05wt%, 
0.1 wt%, 0.2 wt%, and 0.5 wt% BPO, 4:2 BPO:MEHQ, and 1:1 BPO:DHEPT.  Experiments 
were conducted in triplicate.  Error bars represent the standard deviations.  For clarity, not all 
data points are shown. 
 
 
 
Figure A.6.  Conversion versus time of SiAE4/2:1 SiSH DP mixtures formulated with 0.5 wt% 
and 0.85 wt% BPO, 4:3 BPO:MEHQ, and 1:1 BPO:DHEPT.  Experiments were conducted in 
triplicate.  Error bars represent the standard deviations.  For clarity, not all data points are shown. 
 
A.3 Dimer Network Properties 
 
 The use of a dimer to lower overall viscosity of redox-initiated siloxane-based 
formulations (5:4:1 C=C:DP:DO with 3:1 SH:DP oligomers) further sparked the need to 
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determine the impact of low molecular weight species on the crosslinked network properties.  
Specifically, the reduction in glass transition temperature and rubbery modulus stemming from a 
reduction in crosslink junctions needed to be quantified.  Therefore, dynamic mechanical 
analysis (DMA) was performed on a variety of dimer/oligomer formulations in tension mode.  
The temperature was ramped at a rate of 1 °C/min from -40 °C to 40 °C.  The glass transition 
temperature was then defined as the peak in the tan δ versus temperature plot, and the rubbery 
modulus at 35 °C was identified.  The results of these studies are provided in Table A.1. 
 
Table A.1.  Results of Dimer Thermomechanical Testing.  5:4:1 C=C:DP:DO/3:1SH DP 
oligomeric system formulated with varying molar fractions of SiAE2 in conjunction with 0.5 
wt% IR 184.  Formulations were irradiated for 10 min using 14.7 mW/cm2 light intensity and a 
365 nm filter. 
 
Mol% SiAE2 E’ (MPa) at 37 °C Tg (°C)  
as max tanδ  
Final Conversion 
0 2.5 ± 1 6.3 ± 1 73 ± 5 
1 2.2 ± 0 -2.8 ± 1 82 ± 1 
5 1.6 ± 0 -4.7 ± 0 83 ± 0 
10 2.0 ± 0 -5.0  ± 1 83 ± 0 
25 2.0 ± 1 -7.6 ± 1  86 ± 0 
 
